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EYXAPIXTIEX

H mapovoa epyacio amotelel to Tehkd Prjpa yio TNV OAOKANP®OOT] TOV OKAONUAIKOD HOV KOKAOV.
Oa MBera vo ekpAcm TS guyaploTieg pov otov Kadnynm pov kot emifrémovra, k. [Hovayuwt
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VTOLOVT] TOL KO TV EUTIGTOGVVT] TOV LoV £JE1EE GE QWTY| TN cLVEPYAGTo KOOMS Kot Yo TV vKoupio

TOL L0V £0MCE VAL AGYOANO® LE TO OVTIKEIEVO.

dvowd Oa NBera va ekppdow TiG OepUéc OV EVYOPLOTIEG GTNV AYATNUEVT] LOV OTKOYEVELD TOGO Y10
TNV OIKOVOUIKT] OGO KOl YL TN WOLYOAOYIKT] LIOCTHPIEN TOLC. ZVyKekpluéva, Bo Mbeia va
euyoploTom tovg yoveilg pov, Kakav I'edpylo ko Avdpovikn Bokaiomovlov kabadg kot tnv
adelon pov Kakav Awkatepivn. Zaeng kot dgv Egyvd Kot iAovg o1 omoiot pe Tov 01Kd Tovg TpdMIo

Bondncav 610 TEPAG TOV AKAOUATKOY YpOVOV.



ABSTRACT

The commercialization of Proton Exchange Membrane (PEM) fuel cells holds numerous advantages
that contribute to the global pursuit of sustainable and efficient energy solutions. One of the key benefits
is environmental friendliness. PEM fuel cells operate with hydrogen and oxygen, emitting only water
vapor and heat as byproducts, making them a clean and environmentally friendly energy source. This

aligns with the global push for reducing greenhouse gas emissions and combating climate change.

Efforts are directed toward scaling up production. The transition from laboratory-scale production to
large-scale manufacturing is critical for meeting commercial demands. Streamlining production
processes and ensuring the scalability of PEM fuel cell technologies are key points for bigger
productions. Policy support and market adoption play pivotal roles. Governments and industries are
encouraged to implement policies that incentivize the adoption of PEM fuel cell technologies. Building
a supportive regulatory environment and fostering market acceptance are essential for widespread

commercialization.

On the other hand, there are many challenges that operate as multiple obstacles for the
commercialization of the PEM fuel cells. A lot of researches are trying to address these problems and

find a way to bypass them.

In this thesis, we will focus on some problems and failures that today’s fuel cells face, and we will
suggest some mitigation ways against them. For the next years, the usage of PEM fuel cells will be
increasing. So, it is important to make them more durable and effective, the operation time needs to be

higher, and the general cost should be as low as possible.



HHEPIAHYH

H gunopevpatomoinon tov KoyweAdv KovGipov pe pepPpdvn avioiiayng npotoviov (PEM) éyet
TOAAG TAEOVEKTNHOTO 7OV GULUPAAAOLY GTNV ToyKOGHO EMOIOEN PLOC®V Kol OTOS0TIKOV
evepyelokav Avcewv. ‘Eva amd ta Pacikd mieovektnuato givarl n mepiforiovtiky euiikotnta. Ot
KOyéLeG Kowaipov PEM Aettovpyodv pe vdpoydvo Kot 0Euyovo, eKTEUTOVTOG LOVO VOPOTHOVS Kot
OeppoTra oG mPoidvTa, YeEYyovog mov TG KoOoTd Kabapn Kot GIMKA Tpog To mePPAAlov Ty
evépyelac. Avto evbuypoappileTon pe TV ToyKOGUIO TEST) Y1d TN LEIMGN TOV EKTOUTDOV OEPIOV TOL

Bepuoxmmiov kot TV KATOTOAEUNON TG KMUOTIKNG OAAAYTS.

O mpoondfeteg katevBuvovTon Tpog TV KApdkmon g tapaywyne. H petdfoon and v tapaywyn
o€ gpyacTNPOKT KALOKe oTNV Tapoymyr HEYOANG KATpaKag efvat KpIGUUN Yo TNV 1Kovomoinor twv
eunopikav amortoemv. H Pedtiotomoinon twv 01001KacidV Topaywyns Kot 1 €50c@dAon g
EMEKTACILOTNTOS TOV TEYVOAOYIOV KLUWEA®V kovoipov PEM amotedoOv Poacwd onueion g
enéktaonc. H otpi&n g moMtikng Kou 1 vioBétmon and v ayopd dadpapatilovv Kabopiotikd
poro. Ot xuPepvnoelc kot ot Propnyavieg evBappbvovtol vo EQapUOCOVY TOAMTIKES TOV TAPEYOLV
kivntpa ywo v vioBémon Texvoloyidv kuoyelov kovoipov PEM. H owodounon evog
VTOGTNPIKTIKOV TEPPAAAOVTOG KOl 1| TPOMONGN TG AmMOOOYNG TG AYOPAS Eival OVCIMOELS Yo TV

gvpelo EUmopeLIATOTTOINOT).

Ao ™V GAAN TAEVPAE, VTTAPYOLV TOALES TTPOKANCELS TOV AEITOVPYOVV MG TOAAATAL EUTOOI Y10l TV
EUTOPELLLATOTOINOT TV KLYEADV Kavcipov PEM. IToAAég épeuveg mpoomabolv va avTETOTIGOVY

avTA To TPOPAN AT KOt VO BpovV TPOTOVGS VOL TO TOPOKEALYOLV.

Ymv moapovcoa dwTpiPr), Ba emkevipwbBoldue o€ opiopéva TPOPANUOTO Kol OOTOYIEC TOV
avTETOTILOVV 01 ONUEPIVEG KLWELEG KAGiOV Kot O TPOTEIVOVLLE 0PIGUEVOLS TPOTOVS LETPLOG OV
Tovc. [ ta emdpeva xpovia, 1 xpnom tov kKoyehdv kowcipov PEM Oa yivetar 0o kot mepiocotep).
‘Etol, givonr onpavtikd va yivouv mo avOeKTIKEG Kot amoTELEGUATIKES, O YPOVOG Agttovpyiog TOVG

TPEMEL VO, Vol LEYOADTEPOG KO TO YEVIKO TOVG KOGTOG TPEMEL VoL Etvat OGO TO SLVATOV YAUNAOTEPO.
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CHAPTER 1

1. Introduction

Energy is the lifeblood of human civilization, serving as the driving force behind progress,
development, and the fulfillment of basic needs. The importance of energy to humanity is
immeasurable, influencing every aspect of our daily lives and shaping the trajectory of societies
worldwide. One of the fundamental roles of energy lies in meeting the basic necessities of life. From
heating our homes and cooking our meals to powering hospitals, schools, and industries, energy is
indispensable for ensuring a decent quality of life. It enables access to clean water, sanitation, and

healthcare, playing a critical role in promoting human well-being.

Beyond meeting basic needs, energy is a catalyst for economic growth and innovation. Industries rely on
energy to manufacture goods, transport products, and conduct research. Innovation in energy technologies
has historically driven advancements in other sectors, fostering economic development and job creation.
The availability of affordable and reliable energy sources is a cornerstone of economic prosperity. In the
context of transportation, energy powers vehicles that connect communities and facilitate the movement
of people and goods. From cars and trucks to trains and airplanes, energy is the key enabler of modern
mobility, supporting both local and global connectivity. Furthermore, the geopolitical landscape is
significantly shaped by the quest for energy resources. Access to reliable and affordable energy has been

a driver of geopolitical strategies, affecting international relations and global power dynamics.

Energy is also intricately linked to the environment. The type and source of energy we choose impact air
and water quality, contributes to climate change, and influence ecosystems. As societies recognize the
need for sustainable practices, the importance of transitioning to cleaner and renewable energy sources

becomes paramount.

The intricate relationship between energy and the environment underscores a critical balance that modern
societies must strike to ensure sustainability and a habitable planet. The production and consumption of
energy have profound implications for the environment, influencing climate change, air and water quality,

and overall ecological health.

One of the primary environmental concerns associated with energy is climate change. The burning of
fossil fuels, such as coal, oil, and natural gas, releases carbon dioxide (COz) and other greenhouse
gases into the atmosphere. These gases trap heat, contributing to the warming of the Earth's surface
and leading to a range of climate-related impacts, including more frequent and severe heatwaves,

storms, and disruptions to ecosystems.
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Renewable energy sources, such as solar, wind, and hydropower, offer a more environmentally
friendly alternative to fossil fuels. Harnessing energy from these sources produces fewer greenhouse
gas emissions and reduces dependence on finite resources. The transition to renewable energy is a
crucial step in mitigating the environmental impacts associated with conventional energy production.
However, even renewable energy technologies are not entirely without environmental considerations.
The manufacturing, installation, and decommissioning of renewable infrastructure can have

ecological footprints, emphasizing the importance of responsible planning and resource management.

Beyond climate change, energy production influences air and water quality. Emissions from fossil fuel
combustion can lead to air pollution, affecting respiratory health and contributing to acid rain. Similarly,
the extraction and processing of energy resources may impact water sources, posing challenges to aquatic
ecosystems and human water supplies. Proton Exchange Membrane (PEM) fuel cells stand at the forefront
ofthe green energy revolution, representing a promising technology in the pursuit of sustainable and clean
power solutions. These fuel cells are electrochemical devices that convert chemical energy from hydrogen

and oxygen into electricity, with water and heat as the only byproducts.

One of the key advantages of PEM fuel cells is their environmental friendliness. Unlike traditional
combustion-based power generation, PEM fuel cells produce electricity through an electrochemical
reaction, avoiding the emission of harmful pollutants and greenhouse gases. This characteristic
positions PEM fuel cells as a green energy option with the potential to significantly reduce the carbon

footprint of various applications.

The primary fuel for PEM fuel cells is hydrogen, which can be derived from renewable sources such
as wind, solar, and biomass. Green hydrogen, produced using clean energy methods like electrolysis
powered by renewables, ensures that the entire fuel cell process is devoid of carbon emissions. This
aligns with the broader goal of transitioning toward a sustainable energy future and mitigating the

impacts of climate change.

PEM fuel cells find diverse applications in transportation, stationary power generation, and portable
devices. In the transportation sector, fuel cell electric vehicles (FCEVs) equipped with PEM fuel cells
offer a zero-emission alternative to conventional internal combustion engines, contributing to cleaner
air and reduced reliance on fossil fuels. Stationary power generation utilizing PEM fuel cells provides
an efficient and clean source of electricity for homes, businesses, and even entire grid systems. Their
quick start-up times and flexibility make them valuable contributors to a decentralized and resilient
energy infrastructure. The portability and scalability of PEM fuel cells make them suitable for off-
grid and remote power applications, enabling access to green energy in areas where traditional power

sources may be impractical or unavailable.
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CHAPTER 2

Fundamentals of Electrochemistry

Electrochemical devices for energy conversion and storage

2.1 Introduction

Electrochemistry is the part of chemistry that is connected with electricity. In electrochemical
processes, chemical reactions are caused by an electric current or electric power is generated by
chemical reactions. Chemistry and electricity are connected by the motion of electrons, ions and holes

which transfer between the different parts of an electrochemical device [1].

The science of electrochemistry is dealing with transfer of electrons at the electrode-electrolyte
interface. The first electrochemical invention was invented by Alessandro Volta, in 1800. He invented
the first battery, a sustainable source of electricity. With this invention, the world learned about this
new scientific field and its development was very quick. Inventions like the upper one and others are

shown in Fig. 2.1 below [2].

UL )

Figure 2.1: a) Francis Hauksbee’s gas discharge lamp [3], b) Alessandro Volta’s battery [4], ¢) William
Cruickshank’s battery [5], d) Johann Wilhelm Ritter’s invention for electrolysis [6]
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2.2 Fundamental Equations

2.2.1 Nernst Equation

The Nernst equation connects the instantaneous potential, E, to the standard potential, E°, and the
reaction quotient, Q. The standard cell potential (E°n) is the difference of the two electrodes’
potential when all dissolved substances have concentration of 1 M. To find the difference of the two
half cells, the following equation is used: E°cei=E°Reduction—E oxidation. Reaction quotient Q is the ratio

of concentrations from products and reactants (Q=[Products]/[Reactants]) [2,7].

When a chemical reaction takes place, we have this equation: AG=AG¢+RT *In(Q), AG is the Gibbs
free energy change. We know that AG=-nFE and AG,=-nFE,. Replacing the AG and AG, from the

upper relations, we have the equation below, which is the Nernst equation [2,7].
Nernst Equation: E = E, — (RT/nF) *In(Q) [Eq. 2.1]
Where:

e R: the gas constant (=8,3145 J*mol'*K™)

T: temperature in Kelvin

n: the number of electrons exchanged.

F: Faraday’s constant (= 96485 C/mole)

E: instantaneous, non-standard cell’s potential

E,: standard cell’s potential

e (Q: reaction quotient

Here it can be said that this relation is applicable at all temperatures. Ifthe Q is unity, instantaneous,
non-standard potential E is equal with the standard potential E,. When Nernst equation is used at

25°C, a form written in base 10 log is usually used [2,7]:
Used at only 25°C (298K): E = Eo — (0,059/n) * log(Q)
2.2.2 Equilibrium Constant

At equilibrium state of a reaction in a cell, instantaneous, non-standard cell’s potential E is zero, because
AG=0 and AG=-nFE, so E=0. In this situation, reaction quotient Q can be replaced by the equilibrium
constant K. There are two relations, which extracted from the above equations, that can calculate this

constant (from standard free energy change (AG°®) and from standard cell potential (E°)) ([2], [8]):

1. AG°=-RTIn(K) [Eq. 2.2]
2. E°= (RT/F) In(K) [Eq. 2.3]
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According to the value of the equilibrium constant K, it predicts the spontaneity of the redox reaction. If
AG?° is less than zero, then E° is greater than zero and K is greater than 1, so the direction of the reaction
is spontaneous in forward direction. If AG® is greater than zero then E° is less than zero and K is less than
one, so the direction of reaction is spontaneous in reverse direction. If AG® is zero, E° is zero and K is one,

there is no net reaction and there is a balance between the two directions. Fig. 2.2 shows the upper [2,8].

AG® E°qn K Direction of Reaction
<0 >0 =1 spontaneous inforward direction
>0 <0 <1 spontaneous in reverse direction
0 0 1 no net reaction: system at equilibrium

Figure 2.2: Effect of Equilibrium Constant to the direction of the reaction [§]

2.2.3 Mass-Transfer Limited Current

The mass transfer rate to the electrode is directly related to the limiting current. The current that is
measured when there is zero concentration on the surface of the reacting species is called limiting

current. Mass-Transfer Limited Current (i) is calculated from the relation below [2]:
i=nFAmC [Eq. 2.4]

Where,

e i Mass-transfer limited Current (A)

e n: Number of transferred electrons.
F: Faraday’s Constant (=96485 C/mole)
A: Area (cm?)

m: Mass-Transfer Coefficient (cm/sec)

C: Concentration of electrochemically active substances which converted at the electrode

(mole/cm?)
2.2.4 Cottrell Equation

In electrochemistry, electrochemical reactions can be limited in many ways. The two main
limitations are potential and diffusion. The potential is the driving force of a reaction, which is
described by the Nernst Equation. But, if the potential is high enough to ensure a reaction, another
problem occurs, depletion. The reaction occurring at the electrode consumes active substances in
front of the electrode. These active substances are then depleted and are missing for the reaction to
occur. New active substances are transported to the electrode by diffusion. Now the diffusion is

determining the current at the electrode. Cottrell Equation describes the variation of the electric
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current in time due to depletion and diffusion. This equation is usually applied when the potential is
operated as the step function. To be well grounded, current should be limited by the diffusion of the

substances to the electrode area [2,9]. The Cottrell Equation is below:
Cottrell Equation: i(t) = (nFAD'?C)/((nt)?) [Eq. 2.5]

Where,
e i current (A)
e n: number of electrons
e F: Faraday’s Constant (=96485 C/mole)
e A: area of the electrode (cm?)
e D: diffusion coefficient (cm?/sec)
e C: initial concentration (mol/cm?)

e t:time (s)
2.2.5 Faraday’s Law

Faraday’s Law is related the total charge passed through a cell to the absolute amount of analyte.

The Faraday’s Law is the below relation [2]:
Faraday’s Law: Q = nFN [Eq. 2.6]

Where,
e Q: total charge (C)
e n: number of electrons per mole of analyte
e F: Faraday’s Constant (=96485 C/mole)

e N: moles of analyte

Faraday’s Law can be used in many applications. With this equation, it can be found the amount of
substance that have deposit on the electrode (electrogravimetry) and the total amount of electricity

that is required for full electrolysis of a chemical compound [2].
2.2.6 Nernst — Planck Equation

Mass transfer can be achieved in three different ways or a combination of these. The first is diffusion,
which is the random movement of molecules in one dimension, from a region of high concentration to
a region of lower concentration. The concentration difference between two points in a solution affects
the rate of a molecule diffusion. The second is migration that describes the motion of charged particles
in response to an electric field. The charge of the ion, the ion concentration, the diffusion coefficient,
and the magnitude of the electric field gradient that the ion experiences affect migration's contribution
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to the overall flux. Finally, the third way is convection which is forced movement of solution species

by mechanical (stirring) or other means ([2], [11]).
The total mass transport of material, or flux, to an electrode is described by the Nernst-Planck equation:
Ji(x) = - [D; (9Ci(x) / 0x)] - [(ziF/ RT) D; Ci(x)] (0p(x) / 0x) + Ci(x) v(x) [Eq. 2.7]

Where, J is the flux (mol cm™s™), D is the diffusion coefficient of the solution species (cm?/s), C is
the concentration of the species (mol/cm?), z is the charge, F is the Faraday’s constant, ¢ is the potential

and v is the rate with which an element moves in solution ([2], [11]).

The first term on Nernst-Planck equation describes the contribution of the diffusion in the total mass
transport, which is given by the Fick’s First Law of Diffusion. The second term is the assistance of the

migration and the third one is the contribution of the convection ([2], [11]).
2.3 Electrochemical Cell

The heart of an electrochemical operation is the electrochemical cell. There are two types of this,
galvanic cells, and electrolytic cells. Galvanic cells are those in which chemical reactions take place
and electricity is produced. On the other hand, in an electrolytic cell, electricity passes through and

this results in the occurrence of chemical reactions [2].
2.3.1 Galvanic Cells

Galvanic or voltaic cells involve electrochemical reactions in which the two reactions are separated,
and the current can flow through an external wire. The pot on the one side is called a half-cell and
contains a solution with a piece of metal partially submerged (such as copper nitrate solution with
copper metal submerged in it). The metal is an electrode and is undergoing oxidation (Cu(s) —» Cu*(aq)
+2¢"). So, this electrode is the anode. On the other side, the half-cell consists of the other metal electrode

in a solution (such as silver electrode submerged in silver nitrate solution). The silver is undergoing

reduction (Ag‘(aq) + e = Ag(s)). Therefore, the silver electrode is the cathode. The anode and the

cathode are connected with an external wire.

At this point, no current flows, because the circuit is open. The circuit is closed using a salt bridge,
which transmits the current with moving ions. The salt bridge consists of a nonreactive, electrolyte
solution such as the sodium nitrate (NaNO3) solution. As electrons flow from the one to the other side,
through the electrode and wire, nitrate ions (anions) pass through the porous plug into the copper nitrate
solution. This keeps the pot on the left electrically neutral by neutralizing the charge on the copper ions
that are produced in the solution as the copper metal is oxidized. At the same time, the nitrate ions are
moving, sodium ions (cations) move through the porous plug, and into the silver nitrate solution on the
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right. These added cations replace the silver ions that are removed from the solution as they were
reduced to silver metal, keeping the pot electrically neutral. Without the salt bridge, the compartments
would not remain electrically neutral, and no current would flow. However, if the two compartments

are in direct contact, a salt bridge is not necessary. Fig. 2.3 shows a galvanic cell [2,12].

Voltmeter

Flow of anions <€— —>> Flow of cations

f NO3z™

Salt bridge (NaNO3)

Cu anode | — Na* Ag cathode | +

cu®*
plug

J\ Poious K Ag*
NO3~ NO;~

1 M solution of 1 M solution of
copper (Il) nitrate silver nitrate
(Cu(NO3),) (AgNO3)

Figure 2.3: Galvanic cell [12]
2.3.2 Electrolytic Cells

It is possible to make a cell that operates by driving an electric current through the cell. These cells are
called electrolytic cells. Electrolytic cells, like galvanic, consist of two half-cells, one is the oxidation
half-cell, the other is the reduction half-cell. The direction of electron flow in electrolytic cells may be
reversed from the direction of electron flow in galvanic cells, but the definition of both cathode and

anode remains the same. The reduction takes place at the cathode and oxidation happens at the anode.

Electrolytic cells are very similar to galvanic cells, because both have a cathode and anode side, and
both have a flow of electrons from the anode to the cathode. However, there are also differences

between the two cells.

Let’s use the example of molten NaCl in the container. If molten NaCl(l) is placed into the container
and electrodes of C(s) are used, attached to the positive and negative terminals of a battery, an

electrolytic reaction will occur. Fig. 2.4 shows this exact electrolytic cell.
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Figure 2.4: Electrolytic Cell [14]

Electrons from the negative terminal travel to the cathode and are used to transform sodium ions into
sodium atoms (Na"+e’=Na(s)). The sodium will plate onto the cathode as it forms. The sodium ion is

migrating towards the cathode [2,6].

The negative Chlorine ions transport towards the anode and release electrons as they oxidize to become
chlorine atoms (2CI'2Clx(g)+2¢"). The chlorine atoms will combine together to form chlorine gas which

will bubble away.

Note that the site of oxidation is still the anode, and the site of reduction is still the cathode, but the
charge on these two electrodes is reversed. The anode is now positively charged, and the cathode has a

negative charged.

The conditions under which the electrolyte cell operates are very important. The substance that is the
strongest reducing will face oxidation and the substance that is the strongest oxidizing will be reduced.
If an aqueous solution of sodium chloride were used, hydrogen would face reduction instead of sodium,

because it is a stronger oxidizing agent than sodium [2,13].

2.4 Terminology
Here some terms of electrochemistry are explained [2]:

*Anode: electrode where oxidation happens

*Battery: one or a stack of galvanic cells

* Cathode: electrode where reduction happens

* Cell’s Potential: the sum of electrical potentials in an electrochemical cell

* Electrochemical Cell: device that contains current as a result of chemical reactions. It can be either a galvanic
cell or an electrolytic cell.

» Electrode: it is an electrical conductor or semiconductor in an electrochemical cell. It can be anode or
cathode. In an electrode, the electrons are transferred through.

* Electrolytic Cell: device that converts electrical into chemical energy. It is composed of two electrodes and
an electrolyte.
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* Equilibrium Potential: the potential when all redox reactions are in equilibrium.

* Fuel Cell: device identical to a galvanic cell which produces electricity from chemical energy. It is fed with
chemical reactants from outside the cell.

* Galvanic (Voltaic) Cell: device that generates electricity by chemical reactants. It also consists of two
electrodes and an electrolyte. It is limited by the chemical reactants supply.

» Half-Cell: it is the anode and the cathode part individually, including all redox reactions that happens on
them

 Half-Reaction: the redox reaction that takes place at one half-cell (the anode or the cathode)

* Ideal Non-Polarizable Electrode: it is an electrode that does not change its potential when current passes
through

* Ideal Polarizable Electrode: it is an electrode that its potential changes a lot, when current passes through

* Interface (Junction): it represents a location, in an electrochemical cell, where separate phases are in contact
with each other or two liquids with different composition and concentration

* Oxidant: the chemical substance which phases the reduction and enables the oxidation for other substances
* Oxidation: is the process which chemical substance losses one or more electrons
* Overpotential: the deviation of a cell’s potential from the equilibrium value. It can be negative or positive

* Potentiometry: it uses electrochemical methods to calculate the output potential, when current is close to
Zero

* Redox: process that occurs both an oxidation and a reduction

* Redox Couple: the chemical substances that at least two oxidation states (Fe2+, Fe3+)

* Reductant: the chemical substance which phases the oxidation and enables the reduction for other substances
* Reduction: is the process which chemical substance gains one or more electrons

* Reference Electrode: electrode that can keep constant potential when the conditions are changed

* Supporting Electrolyte: is an ionic substance that is in the solution to ensure conductivity. It doesn’t take
place in redox reactions. Usually, is called just electrolyte.

* Working Electrode: electrodes where the redox reactions take place.

2.5 Applications

2.5.1 Water electrolysis

The electrolysis of water can be used to produce oxygen and hydrogen. The heart of the electrolysis
unit is the electrochemical cell, which is filled with pure water and has two electrodes connected with

an external electrical power source.

At a certain voltage, which is called critical voltage, between both electrodes, the electrodes start to
produce hydrogen at the negative electrode and oxygen gas at the positive electrode. The amount of
gases produced per unit time is related to the current that passes through the electrochemical cell. In
water, there is always a certain percentage found as ionic species, H+ and OH- represented by the

equation: H,O(l) = H'(aq) + OH(aq).
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Oxygen and hydrogen gas can be generated at noble metal electrodes by the electrolysis of water:
positive electrode (anode):40H (aq) = 2H>O(l) + Ox(g)+ 4e’, negative electrode (cathode): 2H (aq)
+ 2¢” = Ha(g). In case of acidic or basic water, the reactions which occur at the electrode interface
are slightly different. In water electrolysis there are no side reactions that can produce unwanted

byproducts. Fig. 2.5 shows how electrolysis of water works.
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Figure 2.5: Electrolysis of water [15]

The minimum necessary voltage for the start of the water electrolysis, E°, is given under standard
conditions (P, T constant) by the following equation: E°.i=AG°nF where AG®is the change in the
Gibbs free energy under standard conditions, n is the number of electrons transferred and F is the

Faraday’s constant [15].

By lowering the overpotential required to generate the same volumes of gases, efficient catalysts can
lower the electric power which needed to produce the same volume of H>. Modern electrocatalysts
are materials based on single functional noble metals, such as Pt for the hydrogen evolution reaction
(HER) and IrO»/RuQ; for the oxygen evolution reaction (OER). Currently, these catalysts still require
a significant overpotential in order to proceed with the HER and OER. Unlike HER, OER happens at

the anode and requires a fairly high overpotential due to its four-electron transfer process [16].

Pt and IrO»/RuO; are now thought to be the most effective electrocatalysts for HER and OER,
however, their high cost and scarcity seriously limit their practical use. Numerous non-precious metal
catalysts have been studied in recent years and have been demonstrated to have good HER and OER
capabilities. The state-of-the-art catalysts including carbon-based catalysts, transition metal borides
(TMBs), transition metal carbides (TMCs), transition metal oxides (TMOs), transition metal
phosphides (TMPs), transition metal sulfides (TMSs), and single-atom catalysts have been
investigated toward both the HER and OER, and they showed comparable activities to precious
catalysts. Further research into non-precious catalysts for water electrolysis holds immense potential
for advancing sustainable energy technologies. Key areas warranting investigation include catalyst

design, synthesis methods, performance optimization, and durability enhancement [17].
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In addition to reducing the difficulty of producing different catalysts, studies have targeted on the
creation of non-precious bifunctional electrocatalysts with improved performance. It has found that
they can, also, prevent cross-contamination between the two reaction electrodes. The reaction
mechanisms of HER and OER are entirely different, making the rational design of a bifunctional

electrocatalyst difficult [18].

To develop efficient and effective bifunctional catalysts for water electrolysis, research should prioritize
several key areas. Firstly, a thorough investigation into the molecular-scale mechanisms of both the
Hydrogen Evolution Reaction (HER) and Oxygen Evolution Reaction (OER) is essential. This
necessitates a combined approach utilizing computational studies and experimental data to understand the
underlying processes. Such insights will enable the rational design of robust catalyst materials by
manipulating electronic structures while also addressing catalyst degradation mechanisms over extended
cycling periods. Secondly, efforts should focus on modulating the morphology and composition of
bifunctional catalysts to enhance the exposure of catalytic active sites and facilitate reactant diffusion in

solution media [18].

Engineering and fabrication processes must carefully consider various parameters to optimize catalytic
activity, especially concerning industrial-scale applications. Lastly, harnessing the potential of heteroatom
doping in nanostructured catalysts presents a promising avenue. These materials have demonstrated
exceptional catalytic activities in electrochemical water-splitting processes, owing to their controlled
molecular structures, abundant active sites, and resilience to harsh conditions. Advancements in in-situ
characterization tools, coupled with computational estimations, are crucial for unraveling working
mechanisms and refining performance. By addressing these aspects comprehensively, researchers can
advance the development of bifunctional catalysts, contributing to the realization of sustainable energy

production through water electrolysis [18].

Examples of bifunctional catalysts are cobalt nanoparticles encapsulated in nitrogen-doped carbon
(Co@N—C). The Co@N—C catalyst displays high activity and durability for HER in a wide pH range and
for OER in alkaline medium as a bifunctional catalyst. Similarly, it was discovered that ultrathin CoP NS
was a strong and efficient catalyst material for overall water splitting. CoP NS/C has better OER and HER
activity than the majority of modern catalysts, requiring an overpotential of just 0.277 V and 0.111 V for
OER and HER, respectively, to achieve 10 mA cm—2. At 1.8 V, the current density was 335 mA cm—2,
which is quite competitive with the most advanced Pt/IrO2 catalyst at a far cheaper cost. These results
demonstrate the promise of CoP NS as readily available, affordable, environmentally benign, and
bifunctional catalysts for electrochemical water splitting devices in the near future. They can also

streamline the splitting process, enabling mass manufacture of energy devices ([19], [20]).
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Further, the tested bifunctional catalyst Fe—Ni Nanoparticles (NPs) (25—40 nm) expresses remarkable
catalytic activity and excellent performance. Last but not least, a study has checked a catalyst
consisted of Cu-doped CoP nanosheet arrays grown on carbon paper (Cu-CoP NAs/CP). The results
showed that this kind of catalyst can have increased active sites exposure, improved mass/charge
transport, excellent activity and significantly enhanced conductivity ([21], [22]). Furthermore, powder
of CuZr metallic glass was tested as a bifunctional catalyst. This cheap powder showed lower HER
performance than the commonly used Pt/C but higher OER performance than the commercial IrO; and good

stability ([21], [22], [23]).

For the HER exclusively, studies have tested numerous non-platinum catalysts. One of them is a C-N
catalyst which exhibited an exceptional HER performance with a very positive onset potential and
remarkable durability. The increase of the nitrogen input and doping with multi-heteroatoms (N, S, P) can
effectively improve the electrocatalytic activity. Also, the pH value has a huge effect on the surface
properties of the catalyst and so the electrochemical performance. Another one is molybdenum sulfide
which, with the appropriate process, showed good catalytic activity, small overpotential and excellent
electrical conductivity. Some other examples are Niss-Coaz, also, after a certain way of manufacturing,
with similar positives for HER performance and durability, and well-designed monolithic etched copper
foam-based Cu,O layer decorated with TiO» nanoparticles heterojunction catalyst that providing superior

HER activity, low onset potential and long-term stability in alkaline solution ([24], [25], [26], [27]).

Additionally, from another research, an electrocatalyst composed of a worm-like S-doped RhNi alloy has
been successfully synthesized by a hydrothermal method followed by annealing in high temperature. It
shows Pt-like catalytic activity and efficiency for HER, and good stability. Moreover, single-phase, well-
characterized WC and W>C thin film electrodes have been investigated as means of evaluating the
suitability of these materials as micro thick precious metal HER catalyst supports. Both the WC and W>C
surfaces displayed comparable HER activity and durability to bulk Pt, making them suitable substrates
for tiny quantities of Pt in electrochemical studies. Catalysts which are made by NiW alloy and especially

NisoWa1, also, showed very high HER activity and performance ([28], [29], [30]).

OER's slow kinetics linked to the challenging 4-electron transfer significantly reduce the efficiency
of hydrogen production overall. As a result, the goal of the effective electrocatalysts is to lower the
OER overpotential, increasing water electrolysis' efficiency and minimizing power loss. The cheaper,
than the expensive IrO», option of fluorine-doped cobalt molybdate (F-CoMo0O4) nanosheet arrays on
graphite felt (GF) was tested. Results indicated that it can efficiently promote OER catalytic activity
and the electrical conductivity. Another catalyst is FeSe> nanoplatelets, which also showed low

overpotential, and high catalytic performance and activity ([31], [32]).
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Hydrogen production can be achieved, as well, in a fuel solution. Alcohols are, particularly, interesting
options among the fuels that can be converted into hydrogen because they break down quickly in the
presence of water and produce an H> rich combination that is ideal for fueling fuel cells. Because it can
be easily made from renewable resources and has a relatively high hydrogen concentration, bio-ethanol
is very important. It was found that hydrogen selectivity was proportional to the HoO/EtOH molar ratio.
Ethanol decomposes to COx and H>. According to an analysis, the NiZnAl catalyst has a high level of
stability and catalytic activity for the ethanol reforming reaction. It was also discovered that, the

performance of these catalysts depends a lot on the conditions and the nickel amount [33].
2.5.2 Batteries
2.5.2.1 Lithium-ion batteries

Lithium, in its elemental form, is very reactive. That’s why elemental lithium, in many occasions,
isn’t used in lithium-ion batteries and contain lithium-metal oxide, such as lithium cobalt oxide
(LiCo0Oz). A battery is made up of several individual cells that are connected all together. Each cell
contains three main parts: a positive electrode (cathode), a negative electrode (anode) and a liquid

electrolyte [34].

When a device is powered by a lithium-ion battery, positively charged lithium ions (Li") go from the
negative anode to the positive cathode, travelling through the electrolyte. On the other hand, electrons

go from the anode to the cathode. Fig. 2.6 depicts how lithium-ion batteries works [34].
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Figure 2.6: Lithium-ion battery operation [35]
The chemical reactions that take place on a lithium-ion battery are:

e At the cathode, reduction takes place. There, cobalt oxide combines with lithium ions to form

lithium-cobalt oxide (LiCoQ,). The half-reaction is: CoO, + Li" + & — LiCo0O,
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e At the anode, oxidation takes place. There, the graphite compound LiCe forms graphite (Ce)

and lithium ions. The half-reaction is: LiC¢ — C¢ + Li" +¢".

These batteries are rechargeable. When a lithium-ion battery is charged, the process is exactly the
opposite. The lithium ions return to the anode from the cathode and the electrons are transferred from

the anode to the cathode. The chemical reactions are totally reversed [34].
2.5.2.2 Li-O> Batteries

Researchers interested in lithium-oxygen (Li-O») batteries because of their exceptionally high theoretical
energy density (~3500 Wh kg !). The reversible electrochemical reaction between O, and Li»O» (2Li* +
0,2+ 2e” = L120»), which includes the oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) is the basis for discharging and charging processes. Nevertheless, a few problems need to be
resolved before it is implemented widely. For instance, slow cycle performance, slow kinetics of ORR

and OER, electrolyte degradation, and rapid capacity fading. Fig. 2.7 shows how this works [36].

Lithium-Oxygen Battery

Li metal Porous &
anode cathode et

Figure 2.7: Schematic presentation of Li—O» battery [37]

The primary reason for the poor performance of Li-O; batteries is the slow cathode reactions, the oxygen
evolution reaction (OER) and the oxygen reduction reaction (ORR). Therefore, in order to make Li-O»
batteries practical, bifunctional catalysts with high catalytic activity must be designed and prepared. Noble
metals and their compounds, like Pt, Ru, Ir, and RuO., are unquestionably the top ones when it comes to
lowering the overpotential and enhancing the cyclic stability of Li-O; batteries. Nevertheless, their high
price and unavailability prevent large-scale commercialization. Many efforts have been undertaken to

date to create low-cost, high-activity catalysts for Li-O; batteries [38].

Transition metal phosphides (TMPs) exhibit exceptional redox activity and outstanding electrical
conductivity, making them attractive candidates for use as electrode materials. A catalyst that was
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tested is NiFeP@NC/BC (BC = biochar), which delivered good electrochemical performance, good
rate capability, and long cycle life and improved the catalytic activity of both ORR and OER.
Additionally, a catalyst made of polyhedral and porous Mn2O3 rods was also examined. The analysis
shows that the distinct porous structure of PP-Mn,O3 and the bifunctional catalytic qualities of Mn,Os
both improve the electrochemical performance of the Li-O; batteries. The catalyst, under specific
process, has a high specific surface area and a mesoporous structure, which result in an abundance of
active sites and better oxygen and electrolyte diffusion. As a result, the PP-Mn,O3 cathode batteries
have exceptional specific capacity and strong cycling stability. One other example is a self-supporting
Co-CoSe@NSeC/bioC cathode fabricated through growing cobalt-based metal organic framework
(ZIF-67) on biomass and subsequent high-temperature selenization. It is proven to have decent
oxygen reduction reaction/oxygen evolution reaction (ORR/OER) electrocatalytic activity, high

specific capacity and maintains many stable cycles ([38], [39], [40]).

The nsulating and insoluble Li2O; will eventually block the electrode surface and obstruct the mass transfer
channels as the discharge depth increases on the catalytic sites. Therefore, the key to creating a Li-O> battery
with better performance is to design a unique cathode with a high carrying capacity of discharge products,
an efficient electron transfer rate, Li" transfer, and oxygen transmission. For this reason, experiments took
place for the NiFe@NC/PPC (PPC = carbonized pomelo peel) low cost catalyst, which shows that it has
high performance, efficient diffusion rates for O, and electrolyte, good catalytic activity for oxygen
reduction reaction and oxygen evolution reaction (ORR & OER), high specific capacity, low discharge and
charge overpotential. One other catalyst with Ni, especially for the cathode, that is tested is NiCu-BTA (BTA
= organic ligand, 1,2,4,5-benzenetetramine). This low-cost catalyst displays increased porosity, high

activity, high discharge specific capacity and exceptional cycling stability ([41], [42]).

Self-supporting carbonized wood electrode was prepared by high temperature pyrolysis with
FeCl3/LiCl impregnated paulownia wood and melamine, which was used as the cathode of Li-O»
battery. FeCl3/LiCl can enhance the specific surface area, mesoporous ratio, and porous structure of
carbonized wood. This can lead to an increase in the electrochemical three-phase reaction interface.
By adding heteroatoms to carbonized wood, melamine improves the electrode material's degree of
defect, which promotes increased electrochemical activity. The rapid mass transfer at the electrode
benefited from the vertical channel structure inherited from the wood. Consequently, the Li-O; battery

exhibited superior electrochemical performance and cycle stability [43].
2.5.2.3 Lithium-Sulfur batteries

Because of its low cost and high theoretical energy density, lithium-sulfur (Li-S) batteries, which use

abundant elemental sulfur as the cathode material, have emerged as one of the most attractive options for
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next-generation energy storage devices. Li-S batteries use a multi-electron-transfer electrochemistry, which
is different from the intercalation electrochemistry of LIBs. Based on the conversion reaction of Sg + 16 Li"
+16 e — 8 LiS, Li-S batteries offer a high theoretical specific capacity of 1675 mAh g !. Sulfur's low cost
adds to the technology's benefits and attracts use in large-scale energy storage for renewable energy sources
like solar and wind power. However, an inherent disconnect between basic research and real-world

applications has hindered Li-S battery industry growth. The Fig. 2.8 shows how it works [44].

Sulfur cathode:
Sg + 16Li* + 16¢
~—8Li,S

Lithium anode:
Li~—Li*+¢

Discharge: Sg + 16Li—8Li,S Charge: 8Li,S— S; + 16Li
Figure 2.8: Schematic of the electrochemistry for Li—S batteries [45]

Nonetheless, the following issues hindered Li-S battery development for commercial use. Three
things can happen when sulfur is totally reacted to generate Li»S: 1) low conductivity, which causes
the active material to react incompletely; 2) shuttle effect, where polysulfides dissolve in the
electrolyte and shuttle back and forth between the positive and negative electrode for a parasitic
reaction, resulting in a loss of active material, and 3) volume expansion, which can cause internal

structures to be destroyed owing to the difference in density [46].

Many materials have been tested to address the aforementioned issues, and the most promising
preparation technique makes use of porous carbon as the host of S. In a study, biomass (pomelo peels)
and Prussian blue counterparts are used to prepare CoFe@NC/PPC composite. The process involves
applying the CoFe-Prussian blue analogs (CoFe-PBA) to the pomelos in a solution setting, followed
by a high-temperature calcination. Pomelo peel carbonization results in porous carbon doped with
nitrogen during the calcination process, and Fe and Co ions are reduced to CoFe metal nanoparticles.
In addition to having outstanding electrical conductivity, the nitrogen-doped porous carbon also binds
sulfur in some way. The adsorption of sulfur can be improved even further by the coated CoFe
nanoparticles. Following sulfur injection and button cell formation, it shows good rate performance

and cycle ability [46].
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2.5.2.4 Lithium-CO, Batteries

Fossil fuel consumption is rising in modern society, which increases CO> emissions and exacerbates global
climate change. Li-CO; batteries, which have been reported recently, offer a potential remedy for this
problem. Based on the reaction of 4Li + 3CO, =2Li>CO;3 + C, which accomplishes the usage of CO; and
offers a new avenue for energy conversion and storage. The Li-CO; battery demonstrates a high theoretical

energy density of 1876 Whkg '. The Fig. 2.9 below, describes the mechanism of this battery [47].

Li*

Li GPE

Charge

4Li + 3CO, 5r 2Li,CO, + C

2 Discharge
Figure 2.9: Schematic of the Li—CO, batteries [47]

The development of high performance Li-CO» batteries is really hampered by low specific energy density
and poor cycle stability. High active catalysts for Li>CO3 decomposition have been developed in an
attempt to increase the performance of Li-CO» batteries. The NiFe-Prussian blue analogues were
deposited on the waste biomass (pomelo peels) to create the NiFe-PBA/PP precursor. NiFe@NC/PPC
was eventually produced, and it underwent carbonization at 1000 °C in an Ar environment before being
used as the cathode for Li-CO; batteries. It is confirmed that the 3D porous structure of carbon materials
obtained from biomass is inherited to this cathode, providing ample space and enabling mass transmission.
Furthermore, this cathode exhibits strong catalytic activity for the reduction of CO; and the breakdown of
Li2COs. High discharge capacity and outstanding cyclic stability with steady discharge and charge
platforms were provided by Li-CO» batteries with NiFe@NC/PPC cathodes, which benefited from the

distinctive 3D porous properties and the superior catalytic activity of the composite [48].
2.5.2.5 Zinc-Air Batteries

Even with their early start, Zn-air batteries today are still a long way from reaching their full potential.
This is due to the fact that, on the one hand, the cathode's repeated proton-coupled electron transfers
during the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) are known to be
sluggish, leading to significant electrode polarization and limited current density. On the other hand,

most accessible zinc anodes have low cyclability due to zinc metal degradation and dendritic
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development during recharging. So, Zn—air batteries are under revival. They have large theoretical
energy density and potentially very low manufacturing cost compared to the existing Li-ion
technology. Thus, their full potential will be fulfilled with the appropriate air cathodes and Zn anodes.
Fig. 2.10 shows how the Zn-air batteries works [49].

d Discharge reaction (ORR process) iharge reaction (OER process)
Air cathode: Op + 2HO + 4e™ — 40H™ 40H™ — Op + 2H70 + 4e”
- Zinc anode: Zn + 40H™ — Zn(OH)‘%— +2e” ZnO + HyO+ 20H“—~Zn(OH)£_
Zn(OH)Z™ — ZnO + Hy0 +20H™ Zn(OH)Z™ +2e™ - Zn + 40H™
Overall reaction: 2Zn + O — 2ZnO 2ZnO — 2Zn + Oy

Figure 2.10: Schematic and reaction on Zn-air batteries [50]

They are composed ofa Zn metal anode and a porous air cathode. These two, are separated by a membrane
separator and are then loaded with a concentrated alkaline electrolyte. As the metallic zinc anode is
oxidized to soluble zincate (Zn(OH)4%>") ions during discharge, oxygen from the ambient air enters the
porous cathode and is reduced on the electrocatalyst surface. The aforementioned reaction can be reversed
with the presence of an appropriate bifunctional oxygen electrocatalyst, allowing metallic zinc to be plated

at the anode and O; to evolve at the cathode and be released back into the atmosphere [49].

CooSs@N, S—C, a N, S co-doped carbon encapsulating Co9Sg nanoparticles, is effectively produced by
using a novel precursor of Co-pyridine coordinated polymer, which consists of 4,4-dithiodianiline and
2,6-diacetylpyridine. With a low overpotential of 304 mV for the oxygen evolution reaction (OER) and
rapid oxygen reduction reaction (ORR) kinetics with a high electron transfer number, the as-prepared
CooSs@N, S-C layer benefits from the abundant pore-structure (average pore-size #25 nm) and the

distinct electronic characteristics of the CosSg and N, S—C layer [51].

Testing revealed that a material with single-site active Fe—Nx species on 2D porous nitrogen-doped
carbon (PNC) that used as a bifunctional electrocatalyst for the oxygen electrode, confers functional Zn—
air performance. OER/ORR bifunctional catalytic activity in an alkaline medium is exhibited by the as-
synthesized FeNx-embedded PNC because of the combination of 2D porous nitrogen-doped carbon with
outstanding conductivity, and a high specific surface area for integrating abundant active sites and Fe-Nx
species with high intrinsic activity. The FeNx-embedded PNC based solid-state compressible and
rechargeable zinc-air battery exhibits excellent mechanical durability and electrochemical performance
thanks to the use of the high-performance bifunctional catalyst. Under compressibility and bending

mechanical deformations, the electrochemical performance is highly maintained [52].
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2.5.3 Fuel Cells
2.5.3.1 Solid Oxide Fuel Cell

A Solid Oxide Fuel Cell's (SOFC) fundamental structure is a solid electrolyte, typically ceramic,
situated between an anode and a cathode. Fuel is provided to the anode and oxidant, commonly air, is
provided to the cathode. The solid, porous electrodes allow the fuel and air to react near the electrolyte
and the electrochemical reaction products to diffuse away from the electrolyte on the anode side. The
oxygen ions produced by the electrochemical reduction of molecular oxygen, travel from the SOFC's
cathode side to its anode side through the electrolyte. Fuel diffuses to the interface between the anode
and the electrolyte via the anode. It initiates a catalytic reaction with the oxygen ions here, liberating
electrons that travel through an external circuit to generate electricity. To increase voltage and power,
individual cells are electrically connected in series with a metallic interconnect. They can be stacked to
get the best stack size. A SOFC module can be made up of several stacks arranged in an enclosure. A
SOFC power system can be formed by aggregating and integrating single or multiple modules with
subsystems to deliver fuel and air, recover heat, and convert the generated electricity from direct current

(DCO) to alternating current (AC). Fig. 2.11 shows how that operates [53].

Dﬂ— Air
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Figure 2.11: Solid Oxide Fuel Cell [54]

It is interesting to note that there is, also, SOFC based on proton-conducting electrolytes which some studies
shown that this has higher efficiency values. Fig. 2.12 shows how it works. A good example of an electrolyte
for this application is the proton-conducting perovskite electrolyte, BaooSro.1Ceos5Zr035Y0.1Smo.05s03-5
(BSCZYSm). It exhibited unique characteristics in fuel cell application, showing a high-power density at
intermediate temperatures. Using a particular technique and microscale particle sizes, BSCZYSm was
successfully synthesized and demonstrated the potential for high ionic conductivity. It also had high proton
conductivity and cubic symmetry. Compared to several other proton conductors, BSCZYSm has a better

proton conductivity. A high-power density of 581.7 mW cm 2 was seen in several tests of the experimental
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cell at 700 °C. Another good electrolyte is Y-doped BaZrO3 electrolyte (BZY), which need specific
manufacture to be highly functional and efficient ([55], [56]).
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Figure 2.12: Solid Oxide Fuel Cell with proton conducting electrolyte [57]

It 1s critical to refer to the cathode’s materials. A research, that was made for this reason, found one
material that has the appropriate thermal and chemical properties to be used for the manufacture of

the cathode. This material is Bag sSrosCoo.7Ino.1Feo203-5 [58].

This type of SOFC can be fed by different fuels, such as methane. This feeding requires an electrolyte
that has a very good stability in carbon dioxide (CO») environments. Some experiments have been
done about those electrolytes and specific research suggest an electrolyte by SrCeo.95Ybo.05O3-«
(SCY). This electrolyte can be recommended for use as an electrolyte for a temperature range of 600—

800 °C, due to its decent proton-conducting ability ([59], [60]).

Especially for the methanol oxidation, a study has shown that the catalyst from Lag.¢Sro4Coo.8Fe0203
(LSCF) perovskite has good effects. It has decent electrical conduction and good catalytic activity.
The main oxygen-containing products are CO, CO; and H>O [61].

In general, selected fuel has a critical role in fuel cell’s operation. Many fuel options such as methane,
methanol, ethanol and gasoline are considered usable for SOFC operation, offering in fact a very
significant ecological dimension in the issue of effective energy conversion. A simplified model that
was created, shows that both electromotive force (emf) and efficiency are functions of the fuel type
(oxygenated or not) its carbon atoms and of course the operational temperature. This model has also
predicted that oxygenated hydrocarbons are less effective fuels than non-oxygenated ones for emf

and system efficiency [62].
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2.5.3.2 Anion Exchange Membrane Fuel Cell (AEMFC)

H> is supplied as a fuel and O> as an oxidant in hydrogen fuel cells. In an anion exchange membrane
fuel cell (AEMFC), OH-ions are produced and then transported. Air can actually be used as an O»
source. The anode and cathode sides receive Hz and O, respectively. Fig. 2.13 displays the AEMFC
schematic diagram. The electrochemical reactions happen at the triple-phase boundaries. When water
is present, O2 at the cathode is reduced to OH™ ions, which cross the membrane to the anode side
where they combine with Hz to form H>O. Since water is produced twice at the anode and consumed
once at the cathode, improper water management can result in flooding at the anode and drying out
the cathode. Electrons, generated on the anode side of the redox reaction, are gathered by the current
collectors and moved to the cathode side via the external circuits. The membrane is chosen so that it

transfers the OH™ ion exclusively [63].
The reactions are:

At the cathode: O; + 2H,0 + 4e” — 40H™
At the anode: 2H> + 4OH™ — 4H,0 + 4¢”

Overall reaction: O, + 2H> — 2 H,O
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Figure 2.13: Operation of Anion Exchange Membrane Fuel Cell [64]

Developing effective, stable and low-cost electrocatalysts for alkaline media is highly desirable for
the development of AEMFCs. So, there are many researches for catalyst without the precious
platinum. One specific study suggests catalyst by Ni and Mo for the hydrogen oxidation reaction.

Compared to Pt/C, the NiMo/C display a superior activity and durability [65].
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AEMEFCs can fed directly with glucose. Glucose has high power density, thus good performance for
the cell itself. The complete oxidation to carbon dioxide can produce 24 electrons. More research is

essential for the development of this technology [66]. The reactions are the below:
Anode: CsH1206 + 240H™ = 6CO; + 18H,0 +24¢

Cathode: 60> + 12H,0 + 24e” — 240H"

Overall: CsH1206 + 60, — 6CO; + 6H20

2.5.4 Photovoltaic Systems

A photovoltaic (PV) system is made up of one or more solar panels, an inverter, and other electrical
and mechanical components that use solar energy to make electricity. From tiny rooftop or portable
PV systems to enormous utility-scale generation plants, the size of a PV system can vary greatly.
Through a process known as the photovoltaic effect, the light from the sun, which is made up of
energy packets called photons, falls onto a solar panel and makes an electric current. Each panel only
produces a small amount of energy, but when connected to other panels, a solar array can produce
more. Direct current (DC) electricity is produced by a solar panel. Even though many electronic
devices, like our phone or laptop, operate on direct current (DC) electricity, they are designed to
provide electricity to the electrical utility grid, which uses alternating current (AC). So, an inverter is
required to convert solar electricity from DC to AC before it can be utilized. The inverter's AC
electricity can then be sent to the electrical grid for use elsewhere or used locally to power electronics.

Fig. 2.14 (a and b) shows a simple solar panel and the system’s diagram [67].

Figure 2.14: a) Solar panel and b) Photovoltaic System diagram [67], [68]
2.5.5 Photoelectrochemical Splitting

In the pursuit of sustainable and eco-friendly solutions, the field of photocatalysis has emerged as a beacon
of hope, holding the promise of revolutionizing how we address energy and environmental challenges.
As the world grapples with the detrimental effects of fossil fuel consumption, ranging from greenhouse

gas emissions to resource depletion, there is an urgent need for alternative and cleaner energy sources.
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Photocatalysis, a process driven by the interaction of light with specially designed catalysts, offers a

pathway towards mitigating some of the profound issues associated with fossil fuels [69].

The current reliance on fossil fuels, marked by the burning of coal, oil, and natural gas, contributes
significantly to air pollution, climate change, and geopolitical tensions. The extraction and combustion of
these finite resources release vast amounts of carbon dioxide and other pollutants, exacerbating the global
environmental crisis. Photocatalysis presents an innovative approach to circumvent these challenges by

tapping into the abundant and renewable resource of sunlight to drive chemical reactions [69].

By harnessing the power of light, photocatalysis enables the conversion of solar energy into usable forms,
such as hydrogen fuel through water splitting. This process not only provides a clean energy alternative
but also addresses the issues of energy storage and transport associated with renewable sources. Moreover,
photocatalytic materials have shown promise in environmental remediation, breaking down pollutants

and contaminants under sunlight, contributing to a more sustainable future [69].

As the world seeks solutions to transition away from fossil fuels, photocatalysis stands at the forefront
of research and development. Its potential applications span from clean energy production to air and
water purification, offering a glimpse into a future where the harmful impacts of traditional energy
sources are significantly reduced. In this context, exploring and advancing photocatalysis becomes

imperative for shaping a more sustainable and resilient global energy landscape [69].

Water photocatalysis stands at the forefront of sustainable technologies, leveraging the power of sunlight to
drive chemical reactions that hold great promise for clean energy and environmental remediation. At the
heart of this process is a fascinating interplay between light, a photocatalyst, and water molecules. In water
photocatalysis, a semiconductor material, often titanium dioxide (TiO) or other metal oxides, serves as the
photocatalyst. Recent researches have targeted to invent and test new photocatalysts to enhance the
production of hydrogen through water photocatalysis, such as single atoms catalysts (SAC) and especially
single noble-metal atoms based on two-dimensional materials (SNA@2DM). When exposed to sunlight,
the semiconductor absorbs photons, leading to the excitation of electrons from the valence band to the
conduction band. This creates electron-hole pairs, where an electron is elevated to a higher energy state,
leaving behind a positively charged hole. These electron(e)-hole(h”) pairs play a pivotal role in redox

reactions occurring on the catalyst surface. In the context of water splitting, the reactions involve:

1. Reduction Half Reaction: 2¢"+2H" — H»
2. Oxidation Half Reaction: H O + h" — O, + 2H"
3. Overall Reaction: 2H,0O — 2H, + O»
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In this way, sunlight-driven water photocatalysis transforms solar energy into chemical energy stored
in the form of hydrogen and oxygen gases. How the water photocatalysis works, is showed in Fig.

2.15 ([69], [70], [71]).

H,0

Figure 2.15: The reactions during water splitting on a photocatalyst [69]

Photocatalysis represents a groundbreaking approach in the quest for sustainable solutions, not only
for water splitting but also for the transformation of carbon dioxide (CO»), a major greenhouse gas.
In the intricate dance of photons and catalysts, photocatalysis offers a glimpse into a potential avenue
for mitigating climate change by converting CO> into valuable carbon-neutral fuels, such as CH4 and
CH3;OH. In CO; photocatalysis, a semiconductor material, often titanium dioxide (TiO2) or other
metal oxides, steps into the limelight as the catalyst. When exposed to sunlight, this material
undergoes photoexcitation, generating electron-hole pairs that are subsequently engaged in a complex
series of chemical reactions involving CO,. One of the primary reactions in CO; photocatalysis is the
reduction of carbon dioxide. This reduction reaction involves utilizing the energy from the excited
electrons to convert CO; into carbonaceous products. The specific chemical products can vary, and
their tuning is a subject of active research. CO» transformation poses thermodynamic challenges,
requiring a considerable input of energy to drive the reduction reactions. Researchers are exploring
ways to fine-tune catalyst properties, optimize reaction conditions, and integrate additional
techniques, such as co-catalysts or external electrical bias, to enhance the efficiency of the process.
Beyond carbon-neutral fuel production, this technology could find application in carbon capture and
utilization, contributing to the reduction of CO; concentrations in the atmosphere. The development
of efficient and selective catalysts is crucial for steering the reaction toward desired products while

minimizing unwanted byproducts ([69], [72], [73]).

In the realm of photocatalysis, the synthesis of hydrogen peroxide (H202) stands as a captivating

endeavor. Employing semiconductor materials as catalysts and utilizing light energy, this process
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presents a sustainable pathway for generating H>O», a versatile and eco-friendly oxidizing agent with
applications ranging from water treatment to organic synthesis. At the heart of the photocatalytic
production of H>O» lies the reduction of oxygen (O2) molecules under the influence of light-activated
catalysts. The semiconductor catalyst, excited by photons, induces a cascade of electron transfers that
eventually lead to the reduction of oxygen to hydrogen peroxide. The careful design of catalyst
materials and the optimization of reaction conditions are paramount to enhancing the efficiency of
this transformation. Semiconductor materials such as titanium dioxide (TiO2), zinc oxide (ZnO), or
new materials that are continuously tested on studies, often serve as the photocatalysts. These
materials are chosen for their ability to absorb light and facilitate charge separation. Additionally, the
introduction of co-catalysts, like metals or metal complexes, can further enhance the catalytic

performance and selectivity ([69], [74], [75]).

The photocatalytic production of H>O» faces challenges, including the need for improved efficiency,
selectivity, and scalability for practical applications. Researchers are exploring advanced catalyst
design, engineering techniques, and reactor configurations to overcome these hurdles and bring the
technology closer to industrial implementation. Hydrogen peroxide produced through photocatalysis
holds promise as a green oxidant. Its applications span from eco-friendly wastewater treatment and
disinfection to serving as a feedstock in organic synthesis. By avoiding the traditional chemical routes
to H>O» production, photocatalysis contributes to reducing the environmental footprint associated
with this valuable chemical. The photocatalytic synthesis of hydrogen peroxide exemplifies the
boundless potential of sustainable chemistry. As advancements in catalyst design and process
optimization unfold, this technology may play a pivotal role in providing environmentally friendly
solutions for diverse industrial applications, furthering the quest for greener and more sustainable

chemical processes ([69], [74], [75]).

Photocatalysis presents a powerful and eco-friendly solution to combat the environmental impact of
pharmaceutical contaminants like tetracycline in water. Tetracycline, a widely used antibiotic, poses
concerns for ecosystems and human health when it persists in water bodies. The process involves a
semiconductor photocatalyst, often titanium dioxide (T102), absorbing light to generate reactive oxygen
species. These species break down the antibiotic's organic structure through redox reactions with
oxygen and water. Efficiency hinges on factors like photocatalyst choice, light intensity, and
environmental conditions. Researchers fine-tune catalyst modifications and operational parameters for
optimal degradation, addressing challenges such as stability and the need for catalysts for specific
contaminants. Photocatalysis operates under mild conditions, avoiding chemical reagents and
minimizing harmful byproducts. It provides a green, sustainable approach to eliminate pharmaceutical

contaminants, contributing to water quality and ecosystem health preservation. Ongoing research
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focuses on advanced systems to bridge the gap from laboratory success to practical implementation in
water treatment plants. Photocatalytic degradation represents a promising avenue for sustainable water

treatment, illuminating a path toward a cleaner and safer aquatic environment ([69], [76]).

2.5.6 Sensors

2.5.6.1 pH Sensor

pH electrodes measure the difference in energy potential between two solutions, much like a
voltmeter measures the difference in potential energy between two points in a circuit. A glass pH
electrode uses a bulb made from pH-sensitive glass to measure a voltage when the electrode is
submersed into a solution. This method can be customized to fit the majority of applications, is
extremely accurate, and has an excellent response time. The voltage that is present in a charged battery
can be easily measured by voltmeters but, the potential energy between two solutions does not
typically exist between them, so a pH electrode must figure out a way to charge the solutions. The
bulb is made of hydrogen ion sensitive glass to produce a potential gradient and charge the solution.
Where the glass meets the solution, thin hydrated layers form. A gradient with measurable voltage
forms if the number of hydrogen ions on one side of the glass differs from the other. The direction of
current flow changes based on which side of the pH-sensitive glass has the highest concentration of
H' ions. The two wires are connected by a liquid junction. This junction, which is made of a porous
material, functions as a liquid wire by allowing a small amount of reference solution to flow out of
the reference half-cell. It succeeds in separating the reference solution from the sample solution while

still allowing current to flow, which is a challenging task. Fig. 2.16 shows a pH sensor [77].
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Figure 2.16: pH Glass Sensor [77]
2.5.6.2 Oxygen Sensor

The traditional oxygen sensor is a galvanic cell that employs an inert cathode and a lead sacrificial

anode. The cell is low-cost and the reaction is powered by the net oxidation of lead to lead oxides
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(2Pb + O2 = 2Pb0O). When galvanic sensor is working, oxygen that diffuses into it, at a rate
proportional to the pressure of oxygen in the solution, is reduced and consumed at the cathode. This
reaction produces an electrical current that is directly related to the oxygen concentration. The ions
(OH) transfer through the electrolyte from the cathode to the anode and the electrons (e°) travel
through the external circuit from the anode to the cathode ([78], [79]).

Anode (Pb) — lead oxidation reaction: 2Pb + 40OH™— 2PbO + 2H,0 + 4¢
Cathode (Ag) — oxygen reduction reaction: Oy + 4e” + 2H>O — 40H"
Overall reaction: 2Pb + O, — 2PbO

The sensor stops functioning when the lead is used up or when the solid PbO completely covers the
lead surface. The rate at which oxygen diffuses in, which is regulated by the diameter of the inlet
capillary, determines how long the sensor will last. A small capillary enables up to three years of

sensor life. Fig. 2.17 shows an oxygen sensor device ([78], [79]).
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Figure 2.17: Oxygen Sensor [80]
2.5.6.3 Other Sensors

Gas electrochemical sensors are integral components in numerous technological processes, particularly
those involving high temperatures, demanding precise analysis of gas mixtures. Their efficacy relies
heavily on the electrolyte's processing, emphasizing the conductivity of solid electrolytes, their specific
design, and the operational temperature. These sensors are adept at analyzing key gases such as Ha, HaS,

CO, 02, SOz, NOy, and N, providing high-accuracy readings ([81], [82]).

In gas systems with oxygen and fuel gases, the sensors face challenges related to selectivity response,
repeatability, and stability over time. Innovative solutions, such as the combined amperometric-

potentiometric oxygen sensor, have been introduced to overcome these hurdles. Nitrous oxide (N2O)
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sensors are crucial, given N>O's widespread use in medical anesthesia and food industry, and

contributing to the enhancement of fossil fuel combustion engines ([83], [84], [85], [86]).

High-temperature proton-conducting ceramic materials (HTCP) play a pivotal role in sensor
technology, enabling effective systems for controlling combustion processes, monitoring chemical
pollutants, and determining gas concentrations. Hydrogen sensors designed for high temperatures are
essential in the growing hydrogen economy, detecting leaks and measuring hydrogen content during

production, transportation, and storage, ensuring safety and efficiency ([87], [88], [89]).

Measurement capabilities extend beyond hydrogen, covering gases like CO and CH4. Sensors
equipped with appropriate electrolytes ensure accuracy and reproducibility of responses. As the
demand for hydrogen grows across various applications, these sensors become indispensable,
providing a critical layer of safety and efficiency in industrial processes. Their versatility makes them
valuable tools in analyzing and ensuring the quality of gas mixtures in diverse technological

applications ([90], [91], [92]).

Electrochemical sensors play a pivotal role in various applications related to human health, demonstrating
their significance in medical diagnostics and environmental monitoring. One of the notable applications
is in glucose detection, particularly in low concentrations, showcasing their utility for diabetes
management. These sensors enable real-time monitoring of glucose levels, offering patients a convenient

and efficient way to track their blood sugar levels for proper disease management [93].

Moreover, the versatility of electrochemical sensors extends to the realm of infectious diseases, with
notable applications during the COVID-19 pandemic. These sensors have been employed for the rapid
and sensitive detection of viral components, aiding in the development of diagnostic tools. Their ability

to provide quick and accurate results contributes to effective disease control and management [94].

In the realm of neurology and cardiovascular health, electrochemical sensors have proven instrumental in
detecting neurotransmitters such as dopamine and ascorbic acid. Abnormal concentrations of these
compounds are associated with conditions like Parkinson’s disease and atherosclerosis, respectively. The
development of sensors capable of pinpointing these biomarkers allows for early diagnosis and proactive
intervention in these critical health areas. Additionally, electrochemical sensors find application in the
detection of hazardous environmental pollutants, such as hydroquinone (HQ) and catechol (CC),
demonstrating their role in safeguarding human health by monitoring and mitigating exposure to
potentially harmful substances. The ongoing advancements in electrochemical sensor technology hold
promise for further breakthroughs in medical diagnostics and environmental health, contributing

significantly to the well-being of individuals and communities ([95], [96], [97], [98]).
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2.5.7 Carbon Dioxide Electrochemical Reduction

Carbon dioxide (COz) electrochemical reduction has emerged as a pivotal field in the quest for
sustainable energy solutions and environmental remediation. As the concentration of CO; in the
Earth's atmosphere continues to rise, driven primarily by anthropogenic activities, finding effective
methods to mitigate its impact has become imperative. Electrochemical reduction offers a promising
avenue to convert CO2 into valuable fuels and unharmful chemicals through the application of
renewable energy sources. This process not only addresses the environmental challenge of CO»
emissions but also holds the potential to provide a renewable and carbon-neutral source of energy. In
CO; electrochemical reduction, electrodes catalyze the conversion of CO: into various products, such
as carbon monoxide (CO), methane (CH4), and ethylene (C>H4), depending on the catalyst and
reaction conditions. The development of efficient and selective electrocatalysts plays a crucial role in
enhancing the performance of CO» reduction systems. Understanding the complex electrochemical
processes involved in CO:2 reduction is essential for tailoring catalysts and optimizing reaction

conditions to achieve desired product yields ([99], [100], [101]).

Electrochemical CO> Reduction Reactions systems, as shown schematically in Fig. 2.18, consist of
an anode, a cathode, an aqueous solution electrolyte saturated with CO,, and a membrane. The oxygen
evolution reaction occurs at the anode, while the CO, Reduction Reactions occurs at the cathode.
Transporting COx> to the surface of electrocatalysts is facilitated by the electrolyte. Protons can move
to the cathode through the membrane, which forms a closed loop and separates oxidation and
reduction products while preserving charge balance. The process of electrochemically reducing CO»
is incredibly complicated. As shown, a variety of carbon-containing chemicals, including carbon
monoxide (CO), methane (CH4), ethylene (C2Ha4), formic acid (HCOOH), methanol (CH3OH), and
ethanol (CH3CH2OH), can be created by transferring two, four, six, or eight electrons [100].
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Figure 2.18: Schematic diagram of the electrochemical CO; reduction reaction system [100]
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Catalysts play a pivotal role in carbon dioxide (COz) reduction reactions (CO2 RR), serving as the
key drivers to enhance the efficiency and selectivity of the electrochemical process. The pursuit of
sustainable energy solutions and the conversion of CO: into valuable products heavily rely on the
development of efficient catalysts. Among the diverse range of catalysts explored for CO2 RR, metal
oxides have garnered significant attention. Copper oxides, tin oxides, bismuth oxides, zinc oxides,
cobalt oxides, and others have demonstrated varying degrees of catalytic activity and selectivity in
reducing CO; to desired products. Metal oxide composites further enhance catalytic performance by
synergizing the properties of different materials, leading to improved efficiency and stability. Gold
(Au) based catalysts represent another noteworthy category in CO» RR research. Gold nanoparticles
and Au-based composites exhibit unique catalytic properties that contribute to enhanced CO-
reduction activity. The incorporation of gold into catalyst structures aims to optimize reaction

pathways, improve selectivity, and boost overall electrochemical performance ([100], [102]).

It's a good timing to make a simple reference to Nitrogen Reduction Reactions. Nitrogen reduction
reactions (NRR) have emerged as a critical avenue for addressing global challenges related to
nitrogen utilization and management. Unlike carbon dioxide reduction reactions (CO2> RR), which
aim to mitigate greenhouse gas emissions, NRR targets the conversion of nitrogen molecules into
valuable compounds, such as ammonia and other nitrogen-containing chemicals. This process is
crucial for sustainable agriculture, as ammonia serves as a primary component of fertilizers,
supporting crop growth and food production. The significance of NRR extends beyond agriculture,
encompassing applications in the synthesis of nitrogen-containing chemicals such as fertilizer,
explosive and dye, and pharmaceuticals. By unlocking efficient and sustainable methods for nitrogen
transformation, NRR holds the potential to revolutionize industries reliant on nitrogen feedstocks

([103], [104]).

The reduction of nitrogen gas (N2) to ammonia (NHs) is a complex and energetically demanding
process under ambient conditions. Hence, the development of efficient catalysts is paramount to
facilitating NRR and making it economically viable. Various catalysts have been explored to enhance
the selectivity and efficiency of nitrogen reduction, and these catalysts play a crucial role in
determining the overall success of the reaction. Recent studies delve into the design of catalysts with
tailored structures and compositions to optimize NRR performance. Notably, catalysts like FeAg/Si
(FeAg nanoclusters loaded on silicon nanowire) exhibit promising results, leveraging the synergy
between iron and silver nanoclusters on silicon nanowires. This configuration demonstrates enhanced

catalytic activity [103].
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2.5.8 Corrosion

Metallic surfaces slowly become covered in oxides or other metal salts due to corrosion. Some of
the examples of corrosion are the development of green coating on copper and bronze, the rusting of
iron and the tarnishing of silver. It significantly damages all metal objects, especially those made of
iron, including buildings, bridges, ships, and other structures. A metal is oxidized during corrosion
by losing electrons to oxygen and producing oxides. Iron corrodes (commonly referred to as rusts) in

the presence of water and oxygen. Fig. 2.19 depicts how corrosion is developed [105].
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Figure 2.19: Corrosion’s Formation [106]
Although corrosion's chemistry is quite complicated, it can essentially be described as an

electrochemical phenomenon. An iron object undergoes oxidation at a specific location, which acts

as an anode and allows us to record the reaction,
Anode: 2Fe (s) — 2Fe*" + 4¢”

Electrons released at the anodic point, migrate through the metal and go to another position on the
metal where they reduce oxygen in the existence of H+, which is thought to be present from H2CO3
created when carbon dioxide from the air dissolves in water. Hydrogen ions may also be present in
water, caused by atmospheric dissolution of other acidic oxides. This location acts as a cathode with

the reaction,
Cathode: Ox(g) + 4H"(aq) + 4™ — 2H,0 (1)

The atmospheric oxygen continues to oxidize the ferrous ions, turning them into ferric ions that
become hydrated ferric oxide, which is rust and produce more hydrogen ions. The reaction is the

below,

Atmospheric oxidation: 2Fe?*(aq) + 2H,O(1) + 202(g) — Fe,0s(s) + 4H'*(aq)
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Corrosion’s prevention seems be of highest concern. In addition to saving money, it aids in avoiding
accidents like bridge collapses or the breakdown of a crucial component due to rust. Since both the
cathodic and anodic parts must take place for corrosion to occur, prevention of only one will stop
corrosion. Preventing a metallic object's surface from coming into touch with air is one of the easiest
ways to stop corrosion. This can be accomplished by painting the surface or applying various
chemicals on it. Another straightforward technique is to coat the surface with other metals (Sn, Zn,
etc.) that are reactive or inert in order to preserve the object. An electrochemical technique involves
using a sacrificial electrode made of a different metal (such as Mg, Zn, etc.) that corrodes but protects

the object [105].
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CHAPTER 3

PEM Fuel Cells

3.1 Introduction

PEM Fuel Cells (as known as Proton Electrolyte Membrane) are made with polymer electrolyte
membrane and are known to have low operating temperatures and high efficiencies. It is believed that
they will be the main source of power for transportation (and not only) in the future, because the
emissions are very low and they don’t harm the environment. The emissions from fuel cells are
notably cleaner because they convert fuel to energy electrochemically rather than through
combustion. Just a reminder, the main product of these devices, is just water (H2O). Furthermore,
scientists and engineers are occupying more and more with these technological devices, because of
the simplicity, the durability and the quick startup. Fig. 3.1 shows some examples which use PEM
Fuel Cell technology ([107], [108]).

Figure 3.1: Examples on which the power units are Fuel Cells [107]

An internal combustion engine (ICE) emits to our environment many gases such as oxides of sulfur,
oxides of nitrogen, oxides of carbon, hydrocarbons which take part in so many phenomena in the
environment, such as climate change, global warming, air pollution. Many organizations and
scientists try to sensitize the humanity to understand the seriousness. So, this should result in taking

measures to reduce the pollution in general. Thus, everyone can understand that with the use of a fuel
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cell instead of an ICE, all these problems from the fumes, can stop existing in a large scale and the

environment can become more and more clean and the air more breathable ([107], [108])
3.2 Structure and Components

PEM fuel cell consists mainly of two electrodes, anode and cathode, and an electrolyte which is

packed between the electrodes. Fig. 3.2 shows its components.
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Figure 3.2: Components of a PEM Fuel Cell [109]
3.2.1 Membrane

The membrane (electrolyte) is the most important component of the Fuel Cell. Its main operation is
to transfer protons (H") from the anode to the cathode. Also, there are some other operations such as
keeping isolated the “fuel” hydrogen from the atmospheric oxygen, preventing from mixing of the
two, bearing in difficult conditions and not letting electrons passing through itself ([110], [111]). So,

a membrane must have:

e great proton conductivity,

e thermal and chemical stability,

e flexibility in conditions differences,
e low gas penetrability,

e high strength,

e dimensional stability,

e low-priced and

e Dbe easily accessible and plenty.
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The water amount is crucial for the membrane. The membrane must be hydrated, so it helps with the
proton conductivity. Dehydration decreases the proton conductivity and it is difficult for protons to pass
through it. But too much water on it, it has the opposite results. The excess water increases the volume
of the membrane, making harder the motion of the protons. Also, on the cathode’s side, water becomes

a barrier for the oxygen to approach and react with the protons. That makes the cell less effective [110].

Many types of membranes have been used from the beginning of cell’s research and production.
Immediately, it became understandable that sulfonic groups are helping the membrane with the
proton’s transportation. Some membranes that used early were, membranes from phenol-
formaldehyde sulfonic acid with phenolsulfonic acid and membranes with sulfonated polystyrene.

These membranes were very weak and the lifespan didn’t overtake 200 hours on operation [110].

Nowadays, the most used membrane is the membrane Nafion, which is a variant of the molecule

Teflon. Nafion molecule is shown in Fig. 3.3. This membrane has the following advantages [110]:

e High chemical resistance

e High stability (strong carbon-fluoride chemical bonds)

e It can operate on relatively high temperatures (<= 190°C)

e It has high proton conductivity

e The main chain is hydrophobic and the side chains are hydrophilic. So, it is created a group,

which inside it, are placed the side chains and outside the main chains. With this placement,

floods are prevented
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Figure 3.3: Nafion molecule [112]

3.2.2 Electrodes

Fuel Cells have two electrodes. The one that is fed with hydrogen is called anode and the other, where
water is produced, is called cathode. It can be considered that the electrode consists of two layers, the
catalytic and the gas diffusion layer. It is responsible for the transportation of the electrons to and from
the outside circuit, the transportation and the reaction of the protons and the transportation of the reactants
inside, and the products outside the fuel cell. Also, the electrode is trying to achieve the correct number

of electrons, protons and atmospheric oxygen to have an effective reaction on the cathode ([107], [113]).
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3.2.3 Catalytic Layer

The catalytic layer, as shown in Fig. 3.4, is in contact with the membrane and the gas diffusion layer.
In this layer, the two electrochemicals reactions take place (the one on the anode and the other on the
cathode). So, it is necessary for the catalyst to be as close as possible to the membrane, to rise the
efficiency of the reactions. Properties that a catalyst must have are high diffusivity, high electrical
and ionic conductivity, and satisfying hydrophobicity. Usually, platinum particles are used as catalyst,
supporting on a carbon base. This catalyst has high efficiency but is very expensive. Technological
advance has achieved the reduction of the quantity of platinum, lowering significantly the cost.
Moreover, platinum alloys (with nickel, cobalt or krypton) have been discovered to be more active
than plain platinum. For more efficiency and/or lower cost, catalysts from other materials are tested,

such as palladium, ruthenium and combinations of metals with polymers ([107], [111], [113]).

Proton Carbon Electricaly
Conducting Supported Conductive
Media Catalyst Fibers

\ \

PEM Catalyst GDL
Layer

Figure 3.4: Catalyst Layer [113]

Because of platinum’s cost and poor durability which extremely restricts the commercialization of
PEMEFCs, studies continually try to low Pt usage on catalysts. One way is proven to be the combination
of Pt with Pd. Pd itself has high catalytic performance in many applications, and high stability under harsh
reaction conditions. Also, Pt and Pd form solid bimetallic alloy structures because they have almost the
same lattice constant and the same face-centered cubic geometry. So, Pt-Pd catalyst, after specific
production method, has a superior performance for the reactions and shows remarkable durability. Pt
usage can become even lower, when a trace concentration of Pt-Ni precursors is deposited on Pd
nanosheets. With the appropriate thickness, the Pd-Pt-Ni catalyst can achieve excellent catalytic activity
and durability. The union of Pd, Pt and Ni can be an ultra-small nanoparticle. Thus, this technique
combines the improvement of the catalytic active site with the enhancement of the Pt electronic structure

and the synthetic method to prepare Pt-based small-sized catalysts for ternary alloy ([114], [115]).
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On recent years, a big number of studies were focused on binary Pt-Co catalysts. More specifically, a
study has done a research about Pt-Co nanodendrite in nanoframe with Pt skin. After a specific and
detailed process, this Pt-Co ND NF catalyst shows improved catalytic performance and activity with
effectively exposed catalytically active sites, enhanced stability and durability. Additionally, it reported
on another research an easy Mg(OH),/ZIF dual-template strategy for synthesizing PtCo catalysts on Co,
N co-doped mesoporous nanocarbon (PCN-MC). It showed that on these catalysts, PtCo clusters can be
carefully fabricated with proper size and composition (tiny size PtCo catalyst particles with a high Pt atom

utilization) and achieve optimized catalytic activity and durability ([116], [117]).

Furthermore, over the last several decades, a new class of functional materials in the field of catalysis has
emerged, metal-organic frameworks (MOFs), also called coordination polymers (CPs), which are built
by metal centers and organic ligands. MOFs are advantageous because of their controlled surface area
and controlled structures, and well defined and organized connections. After pyrolysis and acid leaching,
coordination polymer frameworks' metal/metal oxide are thought to be effectively removed, producing
the final cavities of porous carbon materials. Because interpenetrated MOFs contain a high density of
metal cations in their interlaced packing structure, pyrolysis of these materials may result in effective
porous channels in the resulting structure. One example of a catalyst of this kind is carbon materials doped
with nitrogen with a hierarchically mesoporous structure, produced by pyrolyzing an interpenetrated non-
porous MOF. These catalysts could have positive effects on mass transfer, kinetics and durability when
used to construct non-Pt electrocatalysts for electrochemical processes. This carbon catalyst looks

prospective for widespread use in various fuel cell types due to its aforementioned properties [118].

Much attention has drawn the non-precious metal catalysts because of the lower cost than platinum.
One example that was tested is MnCo-NC/C NanoTubes(CNTs) from mixed-metal zeolitic
imidazolate frameworks (ZIFs). This catalyst shows superior functionality and activity, high
electrochemical performance and durability in acidic and alkaline electrolytes. Another general
example for non-precious metal catalyst is the catalyst W2N supported by carbon black (W2N/C).
This catalyst exhibits good electrocatalytic performance and decent stability due to the possible
existence of WO; oxides on the surface. It, also, exhibits high electrical conductivity and exceptional

resistance to corrosion ([119], [120]).

Just to be mentioned, single-atom catalysts (SACs) is a new technology that provides unparalleled
control over catalytic activity at the atomic level, making them a state-of-the-art advancement in the
field of catalysis. SACs are made up of isolated individual metal atoms anchored on a support
material, usually carbon-based, as opposed to conventional catalysts, which are made up of
nanoparticles or bigger clusters. The unique advantage of SACs lies in their ability to maximize the

use of scarce and expensive catalytic metals, such as platinum and non. By dispersing these metals
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as single atoms, the catalytic sites are exposed and accessible, leading to higher efficiency and
reactivity. The design and engineering of SACs have broad applications in catalyzing various
chemical reactions. The development of single-atom catalysts has spurred considerable interest and
innovation in the quest for more efficient and sustainable catalytic systems. More research is needed

because this technology has some barriers to overcome to become fully commercialized [121].

Finally, it’s nice to make a simple reference about Non-faradaic electrochemical modification of
catalytic activity (also known as NEMCA). This was discovered in 1980s and makes possible to
enhance remarkably the catalytic reactions or significant changes in the catalytic properties of a

conductive catalyst in the presence of electrical currents or interfacial potentials ([122], [123], [124]).

3.2.4 Gas Diffusion Layer
Many times, behind the catalytic layer (both anode and cathode), right after the flow channel (or the
bipolar plates), is placed a gas diffusion layer. Fig. 3.5 shows where the gas diffusion layer is.
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Figure 3.5: Gas Diffusion Layer [126]

This porous layer guarantees that reactants successfully diffuse to the catalyst layer. Additionally,
this layer is the electrical conductor that moves electrons to and from the catalyst layer and guarantees
that reactants are evenly distributed across the electrode. For this reason, it must have low electronic
resistance. Furthermore, it helps in the operation of the cell, throwing away the product water
(cathode). Generally, this layer has multiple functions in cell operation because they are controlling
mass, heat, and electron transport. It also provides solid mechanical support and protection for the
catalyst layer and membrane during installation and operation. The void areas help the transport of

the reactants and the products ([112], [125]).
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This layer must be made of porous, conductive material that helps the reactants to diffuse, on an
almost perfect way, on the two electrodes. Usually, the material, which is selected is water proofed,
carbon paper or cloth, (two additional advantages are that, it is water proofed and stable in acid
environment) and its thickness doesn’t overtake the 300pum. More, to prevent the pores from being
clogged with liquid water, gas diffusion layers are often coated with Teflon to make them wet-proof.
The Gas Diffusion Layer can be one layer or consisted of two individual layers, a macroporous and

a microporous layer. This is also shown in Fig. 3.6 ([125], [127]).
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Figure 3.6: Two-layered Gas Diffusion Layer [128]

Macroporous layer (or substrate) is carbon-based layer and it is responsible for the evenly distribution
of the reactants on the electrodes and for the water removal. So, it is required to be coated by
hydrophobic substances (such as polytetrafluoroethylene and fluorinated ethylene propylene). Also,
it is a support for the catalyst and has elastic properties, which is necessary when the assembly

happens, because it handles compressions ([125], [127], [129]).

Microporous layer is made by carbon powder enriched by hydrophobic substances like the upper
one. It helps reducing the contact resistance and strengthen the electronic contact between the
catalytic and the macroporous layer and removing the water. So, it decreasing the possibilities of a

destructive flood [129].

3.2.5 Bipolar Plates

Bipolar plates do not exist in a single cell, the electrodes from the two sides of the membrane are assumed
to be these. In this situation, it can be said that the bipolar is the two electrodes [130]. The bipolar plates are
placed in a stack of cells. Where it is placed is shown in Fig. 3.7. Their role is to [100]:

e Connect cells in series electrically,
e Isolate the gases from neighboring cells,
e Support the stack structurally,

e Conduct heat from the active cells preventing overheating and
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e House the flow channel of reactants and products.

So, bipolar plates’ properties must have high electrical and thermal conductivity, low penetrability
to gases, high strength and durability, excellent corrosion resistance and low cost, and to be

lightweight and convenient for mass production.
Materials that are usually used for manufacturing bipolar plates are metals and graphite-composite [111].

Metallic plates are excellent for mass production because are easy to access and process. They can be very
thin, lightweight and strong, but they have a big disadvantage. The environment inside a fuel cell is very
corrosive, and normal metals like steel and aluminum dissolve and release ions. These ions can penetrate
into the membrane, resulting in reducing the electrical conductivity and in general the life of the cell. Using
metals, it is necessary to have them coated with a noncorrosive layer. The selection of the material must be
careful because this layer can react and reduce the electrical conductivity of the plates. This is something
that manufacturers and researchers don’t want to face. Apart from the above, the coat’s efficiency depends
on cracks that the layer can have from the production or during operation and the difference between the
metal’s and the coating’s thermal expansion coefficients. Thus, layers that can be used are from graphite,

conductive polymers, metal nitrides or carbides, organic polymers etc. ([111], [131]).

Graphite-Composite plates are constructed from thermoplastics or thermoset resins with carbon
fillers and fiber reinforcements. These plates can be produced with various types of molding that
haven’t got super high cost and combined with the low cost of the graphite, the total cost is limited.
Another advantage is that these materials are chemical stable in the cell’s environment. On the other
hand, these plates have more thickness and they are more brittle than the previous one. Also, some
leaks can be appeared and, so, they lose their functionality. Also, it would be a good measure is to
check them for improvements in material’s configuration and properties. That can have an impact on
the cost. While their electrical conductivity is lower than the metallic plates, they have very little

resistive losses ([111], [131], [132]).
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Figure 3.7: Bipolar plate [133]
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3.2.6 System Control
Mainly, in a stack of Fuel Cells, it is required a system to control many parameters to ensure that the
stack operates in the most effective way. This system, as it’s shown in Fig 3.8, is consisting of four

subsystems: 1) reaction, 2) thermal, 3) water management and 4) power electronics subsystem [134].
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Figure 3.8: Diagram of System Control [134]

3.2.6.1 Reaction Subsystem

First, in the reaction subsystem, the reactants, hydrogen and air, are entered in a specified stoichiometric
ratio into the stack, where they react to produce electrical power and water. Hydrogen is provided from
reforming fuel (such as natural gas, methanol) or from a hydrogen tank. The pressure of the hydrogen
flow is continually controlled by a pressure regulator. On the other side, the atmospheric air can be assisted
from a blower or a pressurized air tank and the pressure is controlled, to achieve the precise air flow to
ensure the stoichiometric ratio between hydrogen and air. This subsystem must be well produced, because
any changes in the load, changes the effective stoichiometric ratio. So, the subsystem should get familiar
quickly with the different situations and adapt the parameters. Therefore, phenomena like hydrogen

starvation, which can weaken the cell and in general the stack, can be avoided [134].

3.2.6.2 Thermal Subsystem

Secondly, the thermal subsystem is very important because the heat that the fuel cells produces can
influence the operation of the fuel cell. Fig. 3.9 shows an example of a thermal subsystem. Heat (or
rise of temperature) can help the electrochemical reactions to be more effective and quick, but there
will be consequences to the membrane. Membrane will be shrunk, creased and cracked and all these
would low the cell’s performance or even worse, the cell will stop working. So, it is crucial for the
subsystem, to keep the temperature on specific tolerances to have a balance between the two,
achieving the maximum performance that can be possible. Just to mention, on stacks that produce
power up to 1500W, temperatures can be controlled only by an air cooling system. This has an extra
advantage that the fan, which is referred upwards for feeding the cathode with air, can be used for
cooling the stack also. On stacks with higher power production, is necessary to use water cooling

systems with radiator, which can expel higher load of heat [134].

56



i water

pump air in JHzin

_ CA | MEM| AN
air out Uguut
fan :

radiator

load

Figure 3.9: Example of a Thermal Subsystem [134]

3.2.6.3 Water Management Subsystem

Furthermore, water, on some levels, facilitates the proton’s transport through the membrane and the
catalytic layer. Water, also, is a product from the electrochemical reaction on the cathode. Here comes the
water management subsystem, which its role is to keep the membrane perfectly hydrated to ensure
conductivity and stability, but, in addition, it tries to remove extra water, preventing the cell from flooding.
Flooding possibilities are bigger, when the air flow is small because the water isn’t pushed out fiercely
and when the temperature is low and the water is not evaporated in huge amounts. Even, the precipitation
of water in the porous gas diffusion layer can cause floods and they degrade dramatically the efficiency.
Also, the subsystem must control the humidity of the reactants that can cause troubles. There are referred
two options, external and internal humidification. In the external, the subsystem controls the humidity of
the reactants by changing their temperature and their passing time in an external humidifier. On the other
hand, in internal humidification, water is injected directly to the membrane to make sure that humidity is

on the right level [134].
3.2.6.4 Power Management Subsystem

Last, power management subsystem is required to rule the unstable electric power and passing it from
a series of electrical devices for processing and filtering. Fig. 3.10 shows an example of a power
management subsystem. This aims to transform the power into smooth and efficient electricity. Just

to mention, the output electrical current is direct (DC).
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Figure 3.10: Example of a power management subsystem [134]

Many times, the voltage, that the stack produces, is reduces because of bigger current that is drawn
when higher loads are required due to ohmic losses. So, the main operation of this subsystem is to

provide adequate power from the cells to the load and to keep checking continually to please the
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changeable demands. This subsystem can be consisting of voltage regulators, DC/DC converters and
chopper circuits, which can adjust by increasing or decreasing the output voltage from the stack. If
the subsystem increases the voltage, it can be called boost converter, if it reduces it, it can be called
buck converter and if it can do both, it called buck-boost converter. The electric power can also adjust
from an external circuit that contains a rheostat of a transistor. Therefore, the most applications need
alternative current (AC), thus, this subsystem requires to has a DC/AC inverter to transform directly,

the output direct current to alternative. So, it can be used immediately [ 134].

3.3 How a PEM Fuel Cell works.

Atoms of hydrogen aren’t free in the environment. We can take them from hydrocarbons or from
electrolysis of water. Each atom of hydrogen has one proton (H") and one electron (e’). An
electrochemical reaction happens at the surface of the catalyst in the contact area between the one
electrode and the membrane (electrolyte). The reaction is the following one: H> — 2H" + 2¢". The
electrode from the side of the pure hydrogen is called anode and is the negative one. The hydrogen,
which is inserted in the device from the one side, splits into protons and electrons. The proton (H")
passes through the membrane while the electron’s path is through the electrically conductive
electrodes. The electron ends up in the other side of the membrane after it passes the outside circuit.
In the outside circuit, the motion of the electrons gives a direct electrical current. That current is what

we can take and use it for many applications that humans have ([111], [135]).

Next, at the catalyst, between the other electrode and the membrane, happens another electrochemical
reaction, which is the following one: O; + 4H* + 4¢- — 2H,0. The electrode, which is from the other
side with the atmospheric oxygen, is called cathode and it is the positive one. In this area, the protons
which have passed through the electrolyte, the electron from the electrode and atoms of oxygen from the
atmospheric air meet and react all together to give clean water. Then, the water is pushed out from the

device. This operation is repeated over and over again to have stable result ([111], [135]).

Every one of these Fuel Cells generates a voltage that is about 1V according to sources. To produce
higher voltage for more demanding applications, it is needed to construct a good amount of these
cells and connect them in series. So, the total voltage is the sum of the voltage that each one can
generate. Depending on the application, the total voltage can be 200V or even more. Certainly, this

stack can create some problems, but these will be referred further down ([110], [132]).

3.4 PEM Fuel Cell’s Losses

The voltage that a fuel cell or a stack of this can produce is changing continually because of the load
and losses owing to operating conditions. There are three types of losses, ohmic, concentration and
activation losses [111].
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e Ohmic Losses: The resistance of each individual part of the fuel cell. All together are forming the
ohmic losses.

e Concentration Losses: These losses are result of the local reduction of the concentration of hydrogen
and oxygen at electrodes. After certain reactions, new quantity of gases must be, directly, on the
surface of the catalyst. Also, with high concentration of water at the cathode, the catalyst surfaces
are covered in water and the oxygen can’t approach the catalyst.

e Activation Losses: Are the energy that is necessary for the fuel cell to start reacting. In consequence,
this is the effectiveness of the catalytic layer. If a catalyst is effective, the activation energy is

reduced and the losses are less.

3.5 Today’s some alternatives
3.5.1 Direct Ethanol PEM Fuel Cells

Today, hydrogen is not fully commercially distributed and producing hydrogen by fuel processing,
the product is not ~100% clean. So, scientists and manufacturers, looking for some alternatives, found
that PEM Fuel Cell can fed with ethanol. Ethanol is renewable, non-toxic fuel and can be easily
produced by sugarcanes (or other raw materials that contains sugar). Particularly for small-scale
applications, Direct Ethanol Proton Exchange Membrane Fuel Cells (DE-PEMFCs) are interesting

options for power sources. The way that this fuel cell operates is shown in Fig. 3.11 [136].
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Figure 3.11: Direct Ethanol PEM Fuel Cell [136]
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Due to their benefits, PEMFCs, that are directly fed by ethanol, have been the subject of increasing
attention for many years. Nonetheless, there are certain obstacles that must be surmounted, for example,
ethanol present at the cathode catalyst, which restricts oxygen reduction and causes a mixed overpotential
to occur. The Direct Ethanol PEM Fuel Cell operates, almost, like the PEM Fuel Cell. The main difference
is that on the anode, ethanol reacts with water to produce protons and electrons but, also, carbon dioxide
is produced. In addition to past and today’s technology, carbon dioxide is the only emission that is

produced, and the quantity is lower on these. One problem that needs to be fully addressed is the ethanol
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crossover. This presents a negative consequence on the open circuit voltage and the cell performance of

DEFC and some countermeasures have already proposed [136].

3.5.2 Direct Methanol PEM Fuel Cell

It was also found that PEM Fuel Cells can, also, directly fed with methanol. Direct methanol fuel cells
(DMEFC) are appealing for portable applications including phone chargers, LEDs, and sensors, because of
their high-power output. Liquid methanol is simple to work with, has a high energy density, and is safe
for the environment. Additionally, methanol is safe to handle at normal temperatures and pressures, easy

to store, and simple to refuel. The Fig. 3.12 below shows how it operates [137].
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Figure 3.12: Direct Methanol Fuel Cell [138]

However, there are challenges and problems that need to address, to become fully commercially used.
Main issues are about the membrane and the electrodes-catalysts. On these fuel cells, methanol
crossover and low ionic conductivity are observed. These problems can be solved by using new kind
of membranes. Some researchers have done some experiments and found that, for example, a
sulfonated polyether sulfone/polyvinyl alcohol membrane with tungsten disulfide nanosheets or a
Nafion membrane with graphene oxides and a sulfonated derivative, have increased proton

conductivity and reduced methanol crossover [137].

The main catalysts that are mostly used are Pt for both electrodes and Pt-Ru for the electrode that Methanol
Oxidation Reaction takes place, because in such fuel cells, these catalysts continue to work exceptionally
well in the methanol oxidation and oxygen reduction reactions. One big issue is that both Pt and Ru are
very expensive and are increasing the total cost for commercially development. Also, both elements have
high sensitivity to CO, which is produced from methanol electrooxidation. This not only continually
reduces activity but also results in a decent decrease in cell performance. Thus, it is still very desirable to
use new types of Ru-free, more stable, and effective electrocatalysts for methanol electrooxidation. Thus,
designing extremely effective, inexpensive, durable electrocatalysts that optimize Pt utilization rate and

minimize Pt loading is a crucial part of fuel cell manufacturing ([139], [140]).
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Firstly, because of their excellent hardness, high melting point, and strong resistance to wear, oxidation
and corrosion, tungsten carbides (WC) have found extensive application in machinery. When processed
properly, they have been shown to have a positive impact on Pt catalysts' activity in the methane oxidation
reaction and their resistance to CO poisoning. These catalysts also show excellent performance, high
activity, and desired stability. Moreover, it has also been demonstrated that alloying Pt with non-noble
metals is a useful and cheap way to increase catalytic capability. A wide range of bimetallic Pt—M alloys
with different nanostructures (M = Cu, Ni, Co, Pb, Ag etc.) have been created and showed to be successful
in increasing the electrocatalytic activity for both reactions. Compared to other reported Pt-based catalysts,
because Ni is readily available at a reasonable cost and Pt-Ni alloys have good catalytic capabilities and

high durability, they are among the most promising electro-chemical catalysts. ([139], [140]).

3.6 Why should we use PEM Fuel Cells?
PEM Fuel Cells (and in general Fuel Cells) are believed to be the power source of the future. They

have many advantages of using them instead of today’s energy conversion devices. Some of that are

([108], [132], [135], [141], [142]):

e They have higher efficiency (up to 50%) than the internal combustion engines. So, Fuel Cells
are considered to be the future of automotive industry and scientists are trying to make them
commercially operated,

e They are more efficient than today’s power plants. Thus, it is believed that in the future, a
huge part of electricity will be generated in stacks of fuel cells,

e They can operate on lower temperatures, usually between 80 and 100°C. This means that short
warm up periods are required, usable for almost immediately use when needed,

e PEMFCs have high power densities. Their power ranges, usually, from 5 watts to over 500
kilowatts. This power is generated in a relatively smaller volume when compared to other types
of fuel cells. This high-power density makes PEM Fuel Cells ideal for many daily applications.

e PEM fuel cells (and in general all the types of fuel cells) are small and light and the stacks are
compact. Adding the high-power density that can produced, in many applications, the power
source will change, from conventional to fuel cell’s powered,

e Fuel Cell’s products are, theoretically, only water and unused air. This is very important for
the environmental pollution that most people are concerned with it. Thus, with the usage of
them, pollutants are going to reduced. These risk-free products make them to be convenient
for indoor use, such as residential areas or even more submarines.

e Because, fuel hydrogen is not yet an option for the general public, fuel cell needs a fuel

processor to generate hydrogen or it can operate with ethanol. With these two options, carbon
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dioxide emits to the environment. Even if people use these methods, the emissions are very
lower than the today’s technology’s pollutants.

e The noise level when a fuel cell operates is zero or very low. Today, many people on big cities
are suffering from big noises. So, the more people use them, the cities become more and more
quiet. This can have only benefits for the societies, because it is understandable, how
frustrated can be for anyone, in many terms, to be exposed to high noise.

e Fuel Cells are not using oil products to operate but only hydrogen. Fuel hydrogen can be produced
by electrolyzing water or by reforming hydrocarbon fuels. Using these methods, countries become
more and more independent from oil, which some countries are lucky to have on their lands and
seas. Because, oil is a major source of huge incomes for a country, there are many examples, in
past and present, that the desire of oil control started entire wars and killed many people.

e [f the general public gradually accept to use continually for as many applications as it can,
conventional fuels and oil products will limit. So, the pollution of extracting and transporting
oil will be reduced on land and sea.

e Fuel Cells are simple devices that don’t have moving parts and they are consisted of repetitive
parts. This is a huge advantage because, it fits for mass production

e Many people who are involved in these, are promising that with technological advance,
materials that are effective and relatively cheap, will be discovered, lowering their price. Mass

production will have, also, an impact on lowering the cost.

3.7 Applications
As it mentioned before, PEM Fuel Cells can produce, from couple watts to hundreds of kilowatts.
This, and not only, makes PEM Fuel Cells suitable for many applications. From huge power plants

to cars and to small mobile phones.

Because of the small size, there are attempts to power a bike or a scooter with these cells. Fig. 3.13
shows a bike powered by them. This bike is from Fraunhofer ISE, and it is an alternative to today’s

electric bike. It is said that in nominal operation, the fuel cells can produce 70 watts [143].

Figure 3.13: Bike powered by PEM Fuel Cells [143]
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Some others examples of scooters are added below in the Fig. 3.14 a and b.

Figure 3.14: a) Fuel Cell scooter by URE [144], b) Yamaha FC-AQEL [145]

Car manufacturers are also investing billions to this technology, because environmentally friendly laws

are becoming stricter and stricter [132]. Some examples are shown in Fig. 3.15 a and b below.

Figure 3.15: a) Toyota Mirai [146], b) Hyundai Nexo [147]

PEM Fuel Cells are going to be a main power source for various machines on industrial sites. Below,
in Fig. 3.16 a, is showing a forklift that uses them except for an engine. Also, they have manufactured

buses, which use PEM Fuel Cells. Fig. 3.16 b shows one.

Figure 3.16: a) Toyota’s Fuel Cell Forklift [148], b) Hydrogen bus by Ballard [149]
Aircrafts’ manufacturers are, also, trying to keep up with hydrogen technology, as shown in Fig. 3.17 a.
Submarines will also adopt fuel cells for their power units [132]. Nowadays, fuel cells with an electric

motor are operating together with an internal combustion engine. An example is the German submarine

below in Fig. 3.17 b.
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Figure 3.17: a) Airbus’ concept airplane for hydrogen aviation [150] b) German Submarine U-35 (S185) [151]
Ships are trying to be more environmental friendly on the near future [132]. A complete example is
below in Fig. 3.18 a. This catamaran is powered by fuel cells and is travelling around the world. PEM
Fuel Cells are suitable for small portable power generators. This generator, in Fig. 3.18 b, can

generate up to 175 watts and supports many commercial and industrial applications [153].

HYMERA® 200

Figure 3.18: a) Ship Energy Observer [152], b) BOC HYMERA Hydrogen Fuel Cell Generator [153]

Also, many companies are making huge stationary power generators as in Fig. 3.19a. This company
assures us that this generator can produce decent amounts of megawatts of electricity. Individually, a
power block can generate 1,5 MW and many blocks are combined together to achieve huge amounts

of megawatts [156].

NASA was first to introduce the use of PEM fuel cells in space and it was, also, a message to all, that
fuel cells can be operating. NASA used them for the first time in program Gemini (1965-66) and they
were providing electric power for spacecraft’s applications. The device is shown below in Fig. 3.19b

[155].

Figure 3.19: a) Ballard Clear-Gen™ II [154], b) Fuel Cell used on spacecraft Gemini (built by NASA) [155]
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PEM Fuel Cells can be used, as well, in the military, as it’s shown in Fig. 3.20. These can be used to

reduce the weight of soldier’s equipment.
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Figure 3.20: Military applications [157]

Attempts are being made, every day, to manufacture everyday products that are powered only by hydrogen

fuel cells. Some examples are below, in Fig. 3.21a and b which show a phone charger and a MP3.

Figure 3.21: a) UPP Phone Charger [158], b) Toshiba’s Fuel Cell MP3 [159]
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CHAPTER 4

Main Failures and Mitigation Strategies

for Proton Exchange Membranes Fuel Cells

4.1 Introduction

As it was described upwards, PEM Fuel Cells are believed to be the future for many applications.
There are many advantages by using them, such as non-pollute emissions and clean energy. But, as
many technological inventions at the start, they have some problems which they make difficult to be
commercialized now, for the general public. It is necessary for us, to focus on these problems and
failures, to understand the current situation and to find some means for mitigation. An example of a

failure is shown below in Fig. 4.1.

NFailurc of the plate B O

——

——

Figure 4.1: Example of a failure [160]

4.2 Cold Start

4.2.1 Failures

Fuel cells may deteriorate as a result of cold starts. Degradation is mostly caused by water freezing,
damaging important parts like the catalyst layer and membrane. Ice on a fuel cell is shown in Fig. 4.2. It was
shown that while there is no big performance deterioration with a dry state cold start, there is significant
performance degradation with a wet state cold start after testing freeze/thaw cycles under both dry and wet
conditions. It is determined that more flooding is caused by the freeze/thaw cycles by measuring the stack's

resistance. The performance of the stack significantly declines during wet cycles [161].
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— S0 pm
Figure 4.2: Visualization of water and ice on MEA surface [161].

For PEM fuel cells, membrane breakdown is a crucial problem. The membrane surface, which is
connected to the catalyst layer, is where freezing-induced thermal deterioration of the membrane
often takes place. The freezing point of the membrane is significantly reduced because the majority
of the water is trapped in the polymer chains. Therefore, this portion of the water in the membrane is
not significantly altered by the subfreezing process. When the majority of the water within the
membrane flows out, water freezing is more likely to happen on the membrane's surface. A number
of issues arise when ice forms on the membrane surface: the gap between the membrane and catalyst
layer widens, electric resistance rises, water absorption from the catalyst layer into the membrane
slows down, and, most dangerously, the catalyst layer (CL) peels off the membrane surface and is
damaged. The cold start can also alter the mechanical characteristics of the membrane. The clamping

force may cause the membrane to become more fragile [161].

One of the main variables influencing the catalyst layer's degradation is the pace of heating and cooling.
It is discovered that an ideal purge procedure prior to cold start cycles reduces catalyst layer cracking.
There are still a lot of platinum particles entering the membrane from the CL, though. In addition to

affecting cold start capability, phase change in the CL also promotes CL deterioration [161].

The Gas Diffusion Layer’s (GDL's) porous structure may alter as a result of ice forming in the pores.
It has the capacity to alter the GDL's hydrophobicity and gas permeability, among other
characteristics. These characteristics are necessary for reactant movement and water draining to
function properly. In an experiment, it was noticed that after ten cold start cycles at —10°C, the GDL
contact angle changes from 131° to 112°. On the other hand, cold start performance is also
significantly impacted by hydrophobicity. Fig. 4.3 shows how operation temperatures affect the GDL
[161].
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Figure 4.3: Effect of sub-zero temperature on GDL. (a) Fresh carbon paper, (b) carbon paper after operation

at room temperature and (c) carbon paper after operation at —15 °C [162]
4.2.2 Mitigation Strategies

Basic research on the PEM fuel cell cold start has shed light on the critical variables affecting the
start-up performance. Practically speaking, these important variables can provide useful information
for cold-start optimization, enabling the achievement of more demanding cold-start performance
standards. Enhancing cold-start performance involves more than just quick heating. It ought to be

investigated alongside fuel efficiency, system stability, and ease of use [161].

Better design choices and material selections can maximize the cold-start performance of PEM fuel
cells. Research indicates that cold-start performance can be enhanced by optimizing crucial cell
components (such the membrane, CL, GDL, and Bipolar Plates (BP)) and effective designs at the
stack and system levels [161].

The ability of the membrane to absorb water and its conductivity at subfreezing temperatures are the
main areas of optimization. The concept is straightforward, less ice will develop and the start-up will
have a higher chance of success if more water can be absorbed in the membrane. Lowing the
membrane's thickness is one way to accomplish this. Three distinct thickness varieties of NafionTM
(NafionTM 117, 115, and 112) were examined. The thinner membrane (NafionTM 112) was
discovered to be the most advantageous for the cold start. The thinner membrane exhibits a higher
gradient in water concentration than the thicker membrane. Because of the increased rate of water
absorption that follows, ice builds up more slowly with the thinner membrane. Using cutting-edge

materials can also increase the membrane's water capacity. The SiO, and Zr(HPO4)?* composite
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membrane was compared to the pure NafionTM membrane. According to the experimental results,

the composite membrane had a higher water content, which improved the cold start's efficiency [161].

Important parameters in the catalyst layer that impact the cold start include the thickness,
composition, Pt/carbon ratio, and ionomer content. Since a greater ionomer percentage in the CL can
absorb more water and cause more water to permeate into the membrane, it is possible to effectively
minimize the rate of ice accumulation. It was concluded that the benefits of greater ionomer fractions
stem from improved oxygen permeability in the ice-blocked catalyst layer based on experimental

confirmation of these benefits [161].

The membrane's ability to hold water is also impacted by electrode thickness. It was discovered that
a thick electrode (e.g., 14.1 um) had a lower maximum water content in the membrane than a thin
electrode (e.g., 3.5 um). While a cold start promotes a thick layer of catalyst, it also increases the
loading of precious metals and can reduce durability. Flooding can occur with an ultrathin CL,
particularly at lower beginning temperatures. Several approaches were suggested, including the use
of a thicker membrane and drying the membrane prior to startup, to address the performance loss

brought on by the ultrathin CL [161].

Additionally, the impacts of the catalyst layer cathode's platinum-to-carbon support ratio were
investigated. The pace of ice formation was shown to be more likely to be slowed down by a lower
platinum/carbon support ratio. With regard to the composition of CL materials, it was discovered that
adding silica to the cathode catalyst layer might increase water capacity and, thus, help on the duration

of the cold start [161].

Two important variables that affect the GDL's cold-start performance are its pore size and thickness. The
impacts of GDL pore size were investigated. Since the GDL operated longer at a steady current at -5°C,
they discovered that a GDL with smaller pores is better suited for cold starts. After doing additional research
on how ice formation affected the catalyst layer's reaction area, they discovered that it remained intact even
after ice formation and apparent cell potential decline. Others studied the properties of melting ice in the
GDL. Their formula established a relationship between thermal conductivity and GDL thickness. According
to this calculation, a thinner GDL is better for the cold start since it can hasten the melting of ice [161].

PEM fuel cell flow channel designs that are frequently utilized include serpentine, parallel, and
interdigitated designs. Since the interdigitated flow-field improves water removal from under-land
GDL by convective mass transfer, it is preferred over the parallel design in the constant current start-
up mode. The fuel cell with an interdigitated flow channel was able to start up successfully at —6 °C
at a lower start-up current density, whereas the fuel cell with a parallel flow channel could only
maintain —4 °C in the same conditions [161].
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The material and structure of bipolar plates are the two main parameters that influence cold start
ability in PEM fuel cell stack design. Applying metallic materials on bipolar plates has several
benefits. Metallic bipolar plates have the ability to lower the stack's thermal mass, which will quicken
the cold start. Nevertheless, at the cold start, metallic bipolar plates are more prone to experience
severe mechanical stress and corrosion. Vanadium oxide polycrystalline deposits can be made to
function better in metallic bipolar plates. Since the film turns into a self-heating source during the

cold start procedure, its negative temperature coefficient property is advantageous [161].

A solution is to use electric heating. The main benefit of electric heating is its controllability, which
is advantageous for aided cold-start tactics that are somewhat complex. Electric heating is the
foundation of many suggested patents for aided cold-start techniques. One person demonstrated a
brand-new load-control assisted cold-start technique that used an electric heater as the heating source
and variable heating. A multi-cell stack has a 100 W electric heating source dispersed throughout it.
In order to successfully cold start the stack at -20°C, the inner cells are typically started first, and the

waste heat is then used to warm up the surrounding cells [161].

Moreover, the aided cold start technique employing coolant heating is covered by multiple patents.
According to certain research, hot coolant can be passed through the stack during a cold start, allowing it
to warm up quickly. This approach has the benefit that hot coolant can be produced from a variety of
sources in real-world scenarios (e.g., fuel cells and internal combustion engine in a hybrid car). This
approach also has the advantage of allowing for a uniform and effective warm-up procedure because the
coolant channels are dispersed uniformly throughout the stack. An advantage of this technology over

direct electric heating is that it eliminates the need for further accessory installation [161].

But, if the only option is the direct heating of the coolant, the comparatively large heat capacity of
the coolant poses a disadvantage to this method. This could result in increased energy usage. Due to
the coolant's high thermal mass which result in longer heating time, this problem could slow down

the cold start procedure [161].
4.3 Fabrication

4.3.1 Failures

In a study, a PEM Fuel Cell with the membrane Nafion® 112 as the electrolyte and carbon-supported
platinum as the catalyst, was found to have six morphological anomalies, including cracks, thickness
variations, delamination, catalyst orientation, electrolyte clusters, and platinum clusters. Fig. 4.4 shows
these anomalies. During the fabrication process, solvent vaporization from the inner mixing catalyst

powder to the top layer breaks the CL in thin regions, and the MEA is bent and stretched during the
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assembly and application processes. The membrane experiences a concentrated force as a result of CL

cracking, which could hasten membrane cracking [163].

Figure 4.4: Typical defects of membrane: a) cracks, b) thickness variations, ¢) delamination, d) catalyst orientation,

e) electrolyte clusters, and f) platinum clusters [163]

Large catalyst agglomerates or the process of making membranes, produce thickness variation. Due to
uneven catalyst casting and a fault in the freeze-fracturing process, the delamination creates a space
between the membrane and catalyst. When mixing catalyst and creating catalyst particles, it is important
to consider the uneven catalytic properties of orientation, electrolyte clusters, and catalyst clusters. The
mechanical strength, contact resistance, inhomogeneity of reaction efficiency, flooded area, heat
generation, and catalyst erosion caused by these flaws, make the membrane degrade more quickly. The

working circumstances of the fuel cell have an impact on the propagation of faults as well [163].
4.3.2 Mitigation Strategies

To raise membrane quality, the fabrication process must be improved. It has been shown that PTFE-
reinforced membranes are more resistant to mechanical degradation. According to experiments,
reinforced PTFE membranes have an order of magnitude longer lifetime than unreinforced
membranes of pretty similar thickness. A membrane's chemical and mechanical interest properties,
such as working temperature, proton conductivity, mechanical strength, and response to water
content, can be altered by the addition of an inorganic material. As a result, considerable effort has
been put into developing the composite membrane made of SiO2, ZO», TiO, graphene oxide (GO),
zirconium phosphate (ZP), etc. For instance, compared to pure Nafion, the Nafion/TiO> composite
membrane exhibits better mechanical durability, exhibiting a 40% reduction in creep at 25 °C and

100% RH and a lower decrease in elastic modulus when exposed to water. In H3PO4/Nafion-PBI

71



membrane (20 wt.% Nafion and 80 wt.% PBI, immersed in 85% H3PO4 at 60 °C for 60 min), higher

elastic modulus and yield stress are also obtained [163].

A bigger thickness can increase the durability of the membrane but reduce the proton conductivity.
As membrane thickness is increased, the H> and O; crossing rates will decrease. According to an
accelerated test on a four-cell stack using Nafion® membranes (N117, N115, NR212, and NR211)
of various thicknesses, the fuel cell with the thinner membrane (NR211) has a lower open circuit
voltage (OCV) due to a higher hydrogen crossover, but it produces the highest performance before
degrading. In comparison to the cell with NR211 (0.26 mVh™), the cell with N117 has a higher

thickness and a considerably lower deterioration rate overall (0.09 mVh™) [163].

In order to enhance cell efficiency and lessen mechanical deterioration, there should be good initial
contact between the membrane and CL. Ion beam morphology is employed prior to coating the
membrane in order to flatten its surface, and it appears that the interface between the membrane and
catalyst layer is flatter as a result. Additionally, useful for enhancing contact between the membrane
and electrodes is the hot-pressing technique. The benefits of this process to performance and
durability are still established, notwithstanding some worries regarding a potential decline in porosity
after pressing. In the work, the membrane with hot-pressing shown smaller ionomer layers thinning,

higher cell function, and significantly less degradation after Accelerated Stress Test [163].

It has been demonstrated that the addition of a diffusion medium (DM) between the membrane and
the gas diffusion layer (GDL) can slow membrane deterioration. The membrane can be protected
against wrinkling and buckling brought on by hydrothermal conditions in an operating fuel cell by a
static friction force created between the membrane and the DM. It supplies a barrier against membrane

expansion, excessive water infiltration and freeze/thaw cycle conditions [163].
4.4 Membrane Degradation

Proton exchange membrane (PEM) fuel cells are susceptible to various forms of degradation that can
significantly impact their performance and lifespan. The degradation of PEMs encompasses
chemical, mechanical, and thermal processes that lead to the slow deterioration of the material's
structural integrity, microstructure, and associated properties. Mechanical stress, often induced by the
fuel cell stack assembly or repeated start-up and shutdown cycles, can result in mechanical
degradation, leading to a decline in the PEM's integrity. Moreover, chemical degradation occurs due
to the effects of reactive gas penetration, the generation and migration of harmful compounds like
H>O> and HO-free radicals, and ion contamination. These intricate degradation mechanisms
collectively affect gas permeability, proton conductivity, and other critical properties of the PEM,

ultimately impacting the overall performance and longevity of fuel cells ([164], [165]).
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Assessing the condition of PEMs is vital to understanding and addressing degradation. This involves
evaluating structural properties like thickness variations and identifying defects such as cracks or
perforations. Additionally, monitoring changes in parameters compared to healthy membrane states,
including fluoride ion release rate, voltage drop, and hydrogen permeation, is integral to failure analyses.
Overall, a comprehensive understanding of the various degradation mechanisms and their effects is
essential for developing resilient PEMs and ensuring the sustained performance of fuel cells in the long

term. ([164], [165])
4.4.1 Chemical Degradation
4.4.1.1 Chemical Degradation

Chemical degradation happens more gradually than mechanical deterioration. The degradation is severe
at high temperatures and RH values between 40 and 60%, according to some findings, which also
demonstrated that the membrane thinning caused pinhole development and hastened gas crossover. The
proton conductivity declines, the fluorine ion release rate rises, and the gas permeability increases with
time when PEM undergoes chemical degradation. The side chain's sulfonic acid groups and the
carboxylic acid end group sites of the primary chain will be attacked by the radical chemical species,
causing the chemical bonds to break and the defects to spread. The main causes of membrane chemical
deterioration are considered to be radical attacks on the membrane: oxygen molecules permeate from
the cathode side to the anode side, and oxygen from the anode side can decrease the Pt catalyst to create
HOO and HO radicals, which would further cause membranes to degrade significantly. These radicals
are results of the unregulated interaction between the transition metal ions (Fe?*, Co?", and Cu*") present
in PEMFCs and hydrogen peroxide (H202). Ac