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EYXAPIXTIEX

Me tnv Slekmepaiwon NG mapovoag SUTAWUATIKAG epyaociag, KatadEpape va KAelooUpe Tov
KUKAO TwV omoudwv pog. Oa BEAAUE vo EUXOPLOTHCOUUE BepUd TOV KABNYNTH KAl EMOMTN HOG
KUpLo Navaywwtn Tolakdpa yLa tTnv moAuTiun Bonbeta, yvwaon, umootnpLén Kot TiG cUBOUAEG Tou
uog mpooédepe kaB’ 6An tnv Slapkela ¢ Stadikaoiag ouyypadng TN epyaciog pog kabwg Kat

yla TNV QUECN QVTATIOKPLON TIOU LaG TaPEixe o€ kKABe otadio.

3TN OUVEXELQ, YLOL TNV NOLKK KoL OLKOVOWLKH) UTIOOTAPLEN O€ OAN TN SLAPKELX TWV OTIOUSWV TOUG, adevog
n KAaipn XpuoomoUlou Ba nBele va euxaplotroel Toug Yovei¢ tng ABavaclo Xpuoomoulo Kat
FeoOnuavr Xatinmavaylwwtou Kat tnv adeAdr g EptdpUAn, kat adetépou o Aviwvng MaiotpdAng Ba
nBeAe emiong va €UXAPLOTAOEL TOUG YoVeiC Tou Eudyyeho MaiotpdAn kot EAsuBepia Mamaln kat tov

adeAdo tou Niko.

TéNog, bev Ba pmopovoape va mapaleioupe To peyaAUTEPO EUXOPLOTW OTOUG diAoug pag ot
OTtoloL ATAV KOVTA Hag OAQ aUTA Ta XPOVLIO KAl Hag €5vav KaBnUePLVA TNV UTIOOTAPLEN KAl TNV
ayarmn toug, Wolaitepa tov TeAeuTaio kapod SLOTL xwpig TNV mapoTpuvon Kal TNV wlnon toug dev

Ba eiyape katadépel va GEPOUUE €L TTEPAC AUTO TO £PYO.
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HEPIAHYH

H napouoa epyacia mpaypateETAL TO OEpa Twv KUPEAWV Kauoipou pe aneuBeiog tpododoaoia

aBavoing oe 6€wo nepBaAAov (PEMFC) kat og xapnA£g Beppokpacieg Asttoupyiag (Ewg 80°C).

ApXIKQ, (1° KEPAAQLO) YIVETAL LLLOL ELOAYWYH YEVIKA OTO EVEPYELAKO TIPOBAN AL KALL TIG QULTIEG TTOU
TO TIPOKOAOUV, EVW OTNV CUVEXELO TIAPOUGCLATETOL [ LOTOPLKN avadpopr) otig KUPEAEC kKauaipou, oL
AGyOL yla TOUG OTIOlOUG AVATTUCCOVTAL KOl XPNOLLOTOLOUVTOL EUPEWS, KOBWG Kal avadopd otnv

aBavoAn wg KaUoLUo Kal ot cUYKPLON TNG ME A Ko oLua Onwg N HeBavoAn kat to udpoyovo.

Ev ouveyeia (2° kedpaAaro), yivetat avadopd otnv NAEKTPOXNUELA KAl TIG NAEKTPOXNULKES
OUOKEUEG (Umatopleg, MUKVWTEG, NAEKTPOXNULIKOL aloBNnTAPEG). AVAAUETAL N YEVIKN TEXVIKA TTAVW
otnv omoia otnpiletal n Asttoupyia Twv NAEKTPOXNULIKWY CUCKEUWV KOOWEG Kal oL KIVNTIKOL Kot
Bepuoduvaptkol vopol mou tnv SiEmouv. Mapouataletal n apxn Aewtoupyilog Twv KuPpeAwy, Ba
avaAuBei n popdoroyia tng KUPEANG -dnAadn ta nAektpodia , o KataAutng , N HeUPpavn, o
nAektpoAutng, ta bipolar plates kat to diffusion layer-, ot tomot kupelwv, meplBaAlov Kal

Bepuokpaoieg Aettoupylag Kal To BOOLIKA XAPAKTNPLOTLKA TOUG.

Katomwv (3° kedpadalaio) e€etalovratl ot KUPEAEG Kauoipwv pe tpododooia aAKooAwv.
Mapouctaletal n Bewpla mou adopd TNV avapopdwon Twv uSPoyovavOpAKWY Kal OL TECOEPLG
Baokol TpoToL Ue Toug omoioug umopel va emiteuxBet. To emOPeEVO KOUUATL Tou kKedaAaiou adopd
TG KUPENeG Kauoipou aneuBeiog tpododoaoiag atbavolng oe aAkaALko Kal 6€vo meptBaAlov Kabwg
emiong Kal Twv KUPEAWV OTEPEWV NAEKTPOAUTWY HE avaAuaon TG apxXnNg AELToupyilag Toug Kal Twv
TIPOKANOEWV TIOU £XOUV VA OVTLLETWIILOTOUV. MapdAAnAa yiveTal P cUYKPLON PETAEY TWV OEVWV

Kall AAKaALKWY KUPEAWV.

Emnewta (4° keddalalo), Sle€ayetal EKTEVAG EMLOKOTINGON TWV KUPEAWV KAUGIHOU XaUnAng
Bepuokpaciag Aettoupyiog oe 6€wvo meplBaAlov. Mo cuyKeKkpLUEVA, avaAUovTal T UALKA TIoU
XPNOLUOTIOLOUVTAL OTL( OUYKEKPLUEVEC BepUoKpacieg , oL WOLOTNTEG Kal N amodoon Toug o€
S1APOpPEC TTUKVOTNTEG PEVMATOC. TO OUYKEKPLUEVO KeAAalo otnpiletal Kal avomMTUOOETAL HE

BBALoypadIkr) avaoKOmNon Kol TOpousioon TG LEXPL TWPO TIOPELOG TWV KUPEAWY Kauaipou.

TéAog (5° kedalalo) , yivetal Adyog yla tTnv anodoon- clykplon Twv KUPeAwv , avdAuon
TWV QTOTEAECUATWY KAl CUUITEPACHOTO YL TNV KOATAAANAN €MAOYT UALKWY TTOU TTPOKUTITOUV OO

NV €pEuva KoL TG ouykpioelg mou Sie€nxbnoav.



ABSTRACT

This essay discusses direct-fed ethanol fuel cells working at low temperatures and in an

acidic environment (PEMFC) (up to 80°C).

In the first chapter, the overall energy problem and its causes will be introduced, followed
by a historical overview of fuel cells, the factors that led to their development and their widespread
application, as well as a reference to ethanol as a fuel and a comparison to other fuels like

methanol and hydrogen.

In Chapter 2, electrochemistry and electrochemical devices will be discussed (batteries,
capacitors, electrochemical sensors). Analyses of the kinetic and thermodynamic rules governing
electrochemical devices as well as the overall mechanism upon which they operate will be
presented. Cell morphology, including the electrodes, catalyst, membrane, electrolyte, bipolar
plates, and diffusion layer, as well as the types of cells, their operating environments and
temperatures, and their fundamental characteristics, will all be discussed. The principle of how

cells work will also be presented.

The discussion of fuel cells with alcohol feed follows in Chapter 3. The theory governing the
reforming of hydrocarbons will be discussed, along with the four primary methods by which it can
be accomplished. Direct-fed ethanol fuel cells in alkaline and acidic environments as well as solid
electrolyte fuel cells will be covered in the following section of the chapter along with an analysis
of their operating principles and the difficulties they encounter. The comparison of acidic and

alkaline cells will take place concurrently.

Chapter 4 will provide a thorough discussion of low-temperature fuel cells that operate in
an acidic environment. The materials employed at these temperatures, their characteristics, and
their performance at different current densities will be examined. A literature review and a

summary of the development of fuel cells to date serve as the foundation of this chapter.

In the last section (Chapter 5), the performance comparison of the cells will be covered,
along with an analysis of the findings and recommendations for the best choice of materials based

on the research and comparisons conducted.
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CHAPTER |

1. Introduction

1.1 Energy crisis, fuel cells and biofuels

One of the most serious problems confronted by the mankind during the last decades is the so-
called energy crisis. Although the energy crisis has been the consequence of a complex combination of
many factors, the ever-increasing world’s population, and the overexploitation of fossil-fuel resources
can be considered among the most important. Energy is crucial in almost every human activity, and as
a result, implications of the crisis have now social and political repercussions and energy is a means of
exerting international leverage [1]. Corollaries of this worldwide phenomenon are the greenhouse gas
emissions, climate change, extreme weather conditions, and acid rain. Due to all these factors,
mankind attempts to examine alternative energy sources and has come a long way by developing
devices that operate with solar energy, hydrogen, wind power, biomass, geothermal energy and ocean
wave energy [2]. Alternative fuels also known as advanced fuels, are substances that can be used
instead of conventional fuels. The conventional fuels that are used today are fossil fuels, such as

petroleum, coal, natural gas, propane, and nuclear substances like uranium.

One of the most remarkable and promising developments is the electrochemical device of fuel
cell (FC) that produces electrical power directly from fuel through an electrochemical process and is
also used for storage. Fuel cell technology possesses unique benefits that almost no other device can
provide. The first benefit associated with the use of FCs is energy security, since the device is operating
with fuels that are available almost in every country and thus, it reduces imports of fuels and their
price, which is also a result of the broad range of fuels that can be used. Fuel cells provide a steady
power supply, and they work in a low-temperature environment with no moving parts which are two
important features of their application and reliability. The elimination of gas emissions, along with their
low cost and quiet operations give another advantage that makes FCs standing out. Moreover, in
contrast with thermodynamic devices, fuel cells have been regarded as highly efficient devices with a
range of 70% to almost 100% efficiency (with heat recovery) and a supplement to this fact is that they
also work in a wide range of power ratings in stationary and portable applications [3]. In addition to
the previous advantages, fuel cells are characterized by long lives and zero environmental impact [4].
The first application of this technology was made with hydrogen fuel cells which produce electricity

using hydrogen (H.) as fuel. Nowadays progress on fuel cells leads to many capabilities on the fuels that
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can be used depending on the type of fuel cells. Non-alcohol fuel cells work with hydrazine, ethylene,

dimethyl-ether, etc. and alcohol fuel cells use methanol, propanol and ethanol.

At this point, it is worth making a reference to biofuels, liquid, gaseous or solid, which are
mainly produced from biomass. Biomass is the energy source that comes from organic matter and
is regarded as a viable alternative to fossil fuels, as well as the world's fourth greatest accessible
energy resource. Biomass may alternatively be described as a natural and affordable energy
storage technology that can be used at any time. Biofuels are preferred over conventional fuels

because of their biodegradability and their environmentally friendly nature.

1.2 Introduction of ethanol as fuel

Bioethanol is the most popular fuel used in the transportation sector as biofuel aiming and
contributing to the reduction of gas emissions. As an organic chemical compound with molecular type
C;HsOH belongs to the alkanol category. In environmental conditions it has the form of a volatile,
flammable, and colourless liquid, consisting of an ethyl group (C;Hs) linked to a hydroxyl group (OH). It
is an excellent alternative fuel option as it is abundantly available, low cost, low toxic, with desired
physicochemical features as well as high energy density. Also, it is used either blended with gasoline in
low or high percentages on internal combustion engines, or exclusively, as a fuel-on-fuel cells.
Methanol, like ethanol, is among the most widely known and used alcohol fuels, however, its high
toxicity and corrosion aspects due to the high-temperature performance render ethanol a more
suitable fuel for fuel cells. Moreover, over the years, as regards transportation, there has been an
evolution of hydrogen cars, but hydrogen has storage restrictions as well as lack of distribution
infrastructure.

Bioethanol [5] is distinguished into three categories named as “generations” depending on the
source of the product. First generation comes from feedstock, sugar-based such as sugarcane, sugar
beet, fruits, sweet sorghum and starches such as corn, wheat, rice, and potato. Second generation
bioethanol is based on lignocellulosic crops such as wood, straw and grasses, while the third generation
biofuel is extracted from algae biomass [6]. The first-generation biofuels seemed to be very eco-friendly
as they don’t harm the environment, however sustainability concerns about the use of feedstocks as a
fuel and not as a food, lead scientists to search for the second and third generation biofuels mentioned
above. The production process depends on the crop used, but generally it consists of three basic steps:
the acquisition of a mass that contains sugars which can be fermented, conversion of sugars via
fermentation and lastly, separation of ethanol and after that purification. These three processes are

achieved via pretreatment, hydrolysis, and fermentation.
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Pretreatment is a very important step since the production yield depends on the product
of the operation. It contributes to the process by boosting the fermentation, resulting in higher
amounts of produced sugar, and it facilitates the next operation, hydrolysis. There are various ways
of pretreatment but the most common are; physical pretreatment which usually refers to the
operation of milling the biomass into smaller sizes, and chemical pretreatment which refers to
ozonolysis acid hydrolysis or alkaline hydrolysis. Other methods are biological and physicochemical

pretreatment.

After the first treatment, the hydrolysis process follows, where feedstocks are converted into
fermentable sugars. There are two methods of conducting this process. The first one is, acidic hydrolysis
which is the most known and used operation and is separated in two different methods dilute and
concentrated, while the second one is enzymatic hydrolysis. Acid hydrolysis is divided into two
subcategories, dilute and concentrate, acidic dilute hydrolysis is the most common operation, and it is
held at higher temperatures in a low acid concentration, however there is a drawback, because it
produces larger quantity of inhibitors in comparison with concentrated hydrolysis. Concentrated
hydrolysis is held at lower temperatures in a high acid concentration and in a smaller period of time it can
generate higher sugar recovery up to 90% in comparison to acid hydrolysis which cannot have these
amounts of recovery and as a result it increases the operation cost. As for the enzymatic hydrolysis,

enzymes are responsible of the transformation of feedstocks into fermentable sugars.

Fermentation processing is divided into three main categories: i) separate hydrolysis and
fermentation (SHF), ii) simultaneous saccharification and fermentation (SSF) and iii) simultaneous
saccharification and co-fermentation (SSCF). SHF is less preferred than the other two processes
because the operations of hydrolysis and fermentation occurs in different tanks and as a result it

is less efficient, more expensive and has higher processing time.

Sugar-based ethanol from sugarcane and sugar beet is extracted by the procedure of
milling, fermentation, and distillation. As for the starch the process is the same with the addition
of gelatinization and hydrolysis. According to surveys, it involves the lowest production cost.
Ethanol’s performance is based on the total efficiency of conversion, which depends on the nature
of biomass, the conditions of the process and the microorganisms used. According to a study [7],
sugarcane expanses in comparison with corn and sugar beet are more efficient as greenhouse
emissions are reduced by 40%. Furthermore, sugarcane’s expenses in comparison with corn and

sugar beet are reduced by 60% and 75% respectively.
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CHAPTER I

2. Fundamentals of Catalysis, Electrochemistry and Electrochemical devices

2.1 Electrochemistry

Electrochemistry has deep roots on the 18th century, since many scientists have been involved
with the study of the relation between chemistry and electricity. The first one, whose experiment gave
the green light for further and extensive analysis, was the Italian Luigi Galvani in 1781. His experiment
was the application of electrical current on the legs of a frog. The result was the stimulation of the
frog’s muscles which in his mind could be explained as: each muscle works like a Leyden jar (the first

version of capacitor) where positive and negative potential exist on each muscle and fiber tissue [8].

The next scientist contributing to the evolution of electrochemistry was the Italian physicist Alessandro
Volta. In 1800 Volta constructed the first device - known today as battery - called volta pile. The idea of
behind this pile was that it had no need of any special oxidizer; instead, simple water flowing through
the silver cathode was breaking down into hydrogen gas. The energy of a single pile was about 0.4 Volt
and as a result, if more energy was required, larger devices were necessary. Volta’s idea transmitted

the stimulus to many scientists for further research, leading to the huge development of the battery

[9].

A few weeks after Volta’s invention in early 1800’s (volta pile) [10, 11] the world experienced a
new discovery, the conversion of electricity and chemistry as the British William Nicholson and
Anthony Carlisle after multiple experiments found out that when electrical current permeates
water ,it creates gaseous bubbles of H, and O The potential of the electrodes was higher than 1.5
Volt (thermodynamic potential) and the material of electrocatalyst was Pt in order to eliminate
kinetic loses. This was the first time that chemical materials changed their identity as separable

substances and this reaction is the foundation of catalysis.

Continuing in the mid 1800’s and specifically in 1834 Michael Faraday after a long series of experiments
managed to discover many electromagnetic phenomena but also, he became famous for his two laws
known as Faraday’s law in electrolysis. His work is based on experiments without using mathematical
equations since his lack of education deprived him of this way of studying, yet with his quantitative
methods, found out that under different conditions the same amount of electricity passing through a
solution decomposes the same amount of a substance [12]. In 1842 William Groove using his

information about hydrogen and oxygen reaction on a platinum surface, managed to build the first fuel
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cell in a sulfuring acid [13]. Over the next years many significant scientists have made great
contributions to electrochemistry via their findings. In 1836 John Frederick Daniell invented the
constant battery which, after 100 years became the common battery [14]. In 1839, Edmund Becquerel
discovered the photovoltaic effect [15] as when light reaches the surface of two brass plates dipped in
a liquid produces electrical current. Around 1900 Walther Nernst one of the pioneers of physical
chemistry was interested in experimental data and as a result he invented the famous Nernst equation
and the Nernst lamp [16]. Also, in the 19% century the research of Clausius and Williamson in
electrolysis led them to the conclusion that conversion on chemical particles can occur with their
physical molecular motion, a discovery that shed light on the development of the physical science. The
evolution of electrochemistry continues in the last century with the presence of the universities as they

significantly contribute to the progress of this science [17].

The science of Electrochemistry is a well-established sector, originating from the conjunction
of two main fields of nature, science chemistry and electricity, that have come together to develop
new approaches to important issues such as sustainable energy sources. Theoretical and applied
electrochemistry, are the two primary branches of electrochemistry. The first branch, theoretical, is
concerned with the study of chemicals and procedures. Electrochemical cells are divided into two main
categories. The first one is galvanic cells and the second, electrolytic cells. Regarding galvanic cells,
chemical reactions occur on the surface of the two electrodes; one reaction occurs on the anode and
the other on the cathode. The place which the oxidation takes place is called anode and it is the positive
pole of an electrolytic cell but also, a negative pole of a galvanic cell. On the other hand, reduction
occurs on the cathode which is the opposite sign, as for the electrolytic cell is the negative pole and for
the galvanic cell, the positive [18]. Applied electrochemistry investigates the phenomena of metal
structure corrosion as well as protection methods. It examines the design and operation of devices
that generate electric current and are utilized in everyday life (accumulators-Galvanic cells). In recent
years, electrochemistry has experienced rapid expansion and gained a lot of traction among
researchers in both, academia, and industry, due to increasing environmental awareness since there is
a need for enormous electrical loads and therefore for developed for energy storage. This gap is
narrowing with the indirect energy production via chemical bonds and reactions and the constant
current that is provided. Accordingly, the dominant theory of electrochemistry has been established
and developed based on the physical and chemical properties of ionic conductors, electronic
conductors and even insulators [19]. If a chemical reaction is driven by external applied voltage or

voltage is created by a chemical reaction, then there is an electrochemical reaction. More precisely,
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electrochemical reactions occur by electron transfer processes that are initiated on the surface of an
electrode and thus, electrochemistry analyses the phenomena that happen at the interface between
an electron conductor (electrode) and an ion conductor (electrolyte solution). Furthermore,
electrochemistry addresses issues that are often found in other branches of research, such as the

structure and characteristics of solid electrolytes and the kinetics of ionic processes in solutions [20].

The use of electrochemistry may be found in four distinct domains: i) the production of
chemicals (with catalytic reactions), ii) the production and storage of electricity, iii) corrosion, and

finally iv) the environmental sector. A few examples of electrochemical applications are the following:

e Batteries, fuel cells, capacitors

e Potentiometric and galvanic sensors
e Electrolysis

e Electrosynthesis

e Metal plating and processing

e Waste treatment

Figure 1 below gives extensive examples of electrochemistry depending on the field that is applied.
Apart from the depicted fields, electrochemical methods have also contributed to many medical

achievements [21].
Applications of Electrochemistry
ENERGY

Redox Flow Cells
Fuel Cells

SEPARATIONS
Salt Splitting
Electrodialysis
Batteries

INORGANIC SYNTHESIS
Chlor-alkali manufacture

Aluminum Refining

Water Electrolysis

Halogens, peracids, peroxide, ferrate

Metals extraction and refining: Al, Na, Mg, Li,

ORGANIC SYNTHESIS
Halogenation, Dehalogenation
Methoxylation, Acetoxylation
Hydrogenation

Carboxylation and Decarboxylation
Coupling Reactions

Nitro Reduction

SENSORS POLUTION CONTROL

Metal Recovery

Recycle of chemicals

Scrubbing of Industrial Gases

Figure 1. Applications of Electrochemistry in many different fields.

2.1.1 General Technigue

Electrochemistry, as previously stated, deals with the movement of electrons as they pass
through a conductor in a closed circuit, referred as an electrochemical cell. Also, electric current
can occur via the movement of ions when a solution is between the anode and the cathode. The

chemical reactions are taking place on the interface of the electrode/electrolyte. Electrochemical
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cells are one of the fundamental breakthroughs of electrochemistry and they illustrate how
principles of this science are applied. To gain insight into the chemical reactions involving many
components (electrodes, electrolytes etc.) in the electrochemical cells and determine how they

operate, it is important to introduce some basic terminology:

e Conductor: There are three types of conductors, ionic, electronic and mixed conductors. In
general, conductor is the material that carries either ions or electronic charge carriers
(holes for electrons to move through them) and thus it allows current to flow. lonic
conductors transfer energy via the movement of ionic species while electronic conductors
transfer energy in the form of electric current [22, 23].

e Electrode: An electrode is an electrical conductor that makes contact with the non-metallic
circuit parts of a circuit, such as an electrolyte. If in an electrochemical cell, this is also known
as an anode or cathode. The domain of research of electrodes is very important as the
materials are responsible for the conductivity. The requirements of these materials are
durability, stable temperatures, physical, chemical, and mechanical stability.

e Anode: Is it a positive-sided electrode where the electricity moves into. It acts as an electron
donor. In electrochemical cells oxidation (loss of electrons) takes place on this electrode.

e Cathode: Is a negative-sided electrode from where the electricity flows out or is given out.
It acts as an electron acceptor. In electrochemical cells reduction (gain of electrons) takes

place on this electrode.

When we examine galvanic cells, the exact opposite is occurring for both the anode and the
cathode. Cathode is swapped by anode -now anode is negatively charged-, and vice versa as

seen in Figure 2a.

a) Galvanic Cell Electrolytic Cell p) Reducing Agent Oxidizing Agent
77N electrons electrons s
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Reduction Oxidation Oxidation Reduction \
\ 6
Cathod e Anod athod = » 3
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Figure 2. a) Representation of galvanic and electrolytic cell b) Illustration of a redox.
e Redox: Chemical reactions involving simultaneously oxidation and reduction processes
(Figure 2b).
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e Half-cell reaction: Is either the oxidation or reduction reaction component of a redox

reaction.

e Electrolyte: In any electrochemical device, electrolyte is an ionic conductor between two

electrodes which provides ionic current to support the reactions [24].

After the introduction of the fundamental terms, it is possible to provide a more extensive
description of the electrochemical cell. Generally, electrochemical cells are divided into two sub-
types, galvanic and electrolytic. Electricity is generated by galvanic cells while an electrolytic cell
utilizes electricity to create or dissolve chemical bonds. A typical electrochemical cell consists of
two electrodes, an anode and a cathode and it is divided into two main categories: galvanic cell,
electrolytic cell (Figure 2a). Electrons move through an external circuit via an electric conductor
that connects anode and cathode. Also, between the two electrodes, there’s a liquid/solid solution
called electrolyte that carries anions (negatively charged ions) and cations (positively charged ions)
that move freely and carry the current through the electrolyte. Overall, in an electrochemical cell
a pair of reactions are taking place known as redox reactions [25, 26]. The eq. 1 below, describes
redox at equilibrium:

R SO +ne” (1)
where O is the oxidized species, R is the reduced species and n is the number of electrons
exchanged between O and R [27]. The formula that describes the relationship between Gibbs

energy and concentrations of oxidized and reduced species is given by the eq. 2, as:
AG = AGO + RTln% 2)
where R is the gas constant (8,3145 ) mol? K) and T [K] is the temperature. The most important
part of this equation is that it constructs a new equation that connects Gibbs energy with the
dynamic of the reaction E [V], as described from eq. 3:

AG = —nFE (3)
here E is the maximum potential between the electrodes when no current is passing through the
electrochemical cell and F is the Faraday’s constant (96,485 C mol). However, if there is activity
in the cell, the equation can be written as eq. 4:

AG® = —nFE° (4)
In this case, E° is the standard electrode potential and AG? is the standard free Gibbs energy

changed. A key tenet of electrochemistry is the mathematical formula that represents the

correlation between potential and concentration, given by eq. 5:
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E=E°0 4+ 80 (5)
nF  [R]

Also, apart from the term standard potential EC another very useful term is added in these
equations and it is known as the electromotive force (emf, €), which is the maximum potential
when the circuit is open and its measurement unit is Volt. In general, the cell potential is calculated
by the eq. 6:

Egon = Ecuthode = Egnode (6)
Because of the redox reactions the conversion to emf has some changes at the signs of the terms
and it converts to eq. 7:

Ecetl = Ecathode T €anode (7)
The electromotive force determines if a reaction is spontaneous or not. More precisely, when the
emf has a positive sign then the reaction is spontaneous while when it has negative, the reaction
is non-spontaneous. Moreover, in order to express the rate of the process in the terms of current,
the Faraday’s law provides this possibility and describes the total charge of an electrochemical cell
through the eq. 8:

Q =nFN (8)

According to this equation, the total charge (number of coulombs spent during a chemical process)
is proportional to the amount of product in moles reacted per unit of electrode area (mass rate

production) (N), the Faraday constant (F) and the number of electrons.

2.1.2 Kinetics

Kinetics of a chemical reaction is the study of the rates of transformation of chemical
compounds from reactant species into products. Therefore, it’s crucial to study and understand
some of the fundamental relationships that underpin reaction kinetics. Also, they are critical for
determining how much current can be generated with a standard quantity of overpotential. At the
redox reactions there is also a mass transfer mechanism that takes place and completes the
procedure. Electrochemical reactions are heterogeneous chemical processes and thus, transfer

phenomena should be considered, beginning with overpotential.

2.1.2.1 Overpotential

As the energy system tries to stay in equilibrium, the transport of electrons from anode to
cathode needs an initial energy to complete this task. Nowadays, as technology develops, it is
desirable that the time of the reactions on electrochemical cells needs to be as fast as possible.

This aim is achieved by the overpotential enforcement on reactions. The overcome of this
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activation energy which results in a chemical reaction is called overpotential (n) and is expressed
as (n) by eq. 9 [28].
n=£E-FE° (9)
whereas E is the actual cell potential and E° is the potential of equilibrium. Its operation is different
on electrolytic, and galvanic cells. In electrolytic cells the power supply needed for the fulfillment
of the reaction, is more than the thermodynamic equilibrium, but as for the galvanic cells,
overpotential means that there are losses during the reaction and as a result less energy is
produced. In both cases, the additional energy needed, is due to the conversion in thermal energy.
Overpotential is the sum of three main parameters, activation overpotential nact, ohmic
overpotential no, concentration overpotential ncas seen in eq. 10:
N=MNa+no+1nc (10)
Activation overpotential (na) is referred to as resistance that is developed on the surface of the
electrode as multiple reaction and electron transfer take place. Usually, electrons pile on the
electrode and as a result the new ingoing electrons can’t intrude in order to transfer from anode

to cathode. Another reason that may cause overpotential could be some reactions that act upon

the electrode such as catalytic decomposition and crystallization [29].
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Figure 3. a) Typical curve of electrochemical cell overpotential losses; b) Main types of mass transfer [30].

Ohmic overpotential refers to the sum of the resistances of the components existing in an
electrochemical cell like electrodes, membrane, electrolyte, etc. More specifically the ionic transfer
through the membrane depends on the distance of the electrodes and the conductivity of the
solution. Resistance can be reduced if the distance of the surfaces is short. Generally, ionic
resistance is higher than electronic, except if there are semiconducting materials or there is a coat
of passive film on the electrode [31]. In an electrochemical cell the main ground for research is the
behavior of the current on the applied voltage where, according to Ohm’s law, the voltage that is
required for an electrolytic cell is described from eq. 11:

Ecenn = Ecell,rev +iRg, (11)
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where i is the current density in units (A/cm?), referring to the total current divided by the total
surface of the electrode. On the other hand, the voltage for the galvanic cell is given by eq. 12:
Ecenn = Ecetirev — iRg (12)

When it comes to overpotential, the main aim is to reach as close to the ideal voltage line as possible,
as seen in Figure 3a. The entropy is the blank area between the actual curve and the line of emf, and it
corresponds to the system’s losses, which are simply undesirable and must be eradicated as soon as
possible. Entropy always increases when an isolated system changes, and its change is equivalent to
the amount of thermal energy that can no longer be used to produce work. More precisely, when
losses are reduced, the curve shifts to the top and the entropy decreases.
Mass transfer is parsed in 3 main types (Figure 3b): diffusion, migration and convection, which in
combination follow the fast speed of the reaction and as a result there is an accumulation of products on
the cathode or a discharge of reactants on the anode which leads to the above-mentioned resistance.
Specifically, in diffusion there is a transfer of species from higher concentration levels to lower. Migration
generally contributes positively to mass transfer rate; however, it becomes undesirable when the signs
between the electrode space field and the diffusion layer field are opposite. In this case potential gradient
is needed to provoke the movement of charged species. Convection refers to the flow of a mass of liquid
due to external forces such as gradient pressure which is caused from the difference in density levels of
the anode and the cathode. The sum of these three types of mass transfer gives the total mass transfer,
eq. 13, according to Nernst-Plank equation:

Ji = =D;iVc; —uic;V® + c;v; (13)
where Jiis the total flux density, the first term of the equation refers to the diffusion of the flux of

the ions and comes from Fick’s first law given by eq. 14:

dci

Ji=—Di; (14)
The second term refers to the migration of the moles and the third term to the convection.
At this point it would be useful to mention that the concentration on the electrode surface depends
mainly on the current applied since, it is the current that determines the speed of the reaction, as
the rate of mass transfer is balanced by the external current transfer. This means that the more
we increase the current density, the faster the reaction becomes and the less the electrode surface
concentration. Nevertheless, this rate has a finite maximum value, named as critical current, at
which the concentration on electrode surfaces is zero. The relation between concentration and
current is shown by the formula below, explaining the preceding definition.

The current density (icr) of a diffusion reaction until the critical level is expressed as eq. 15:
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fer = — (15)
Where D is the diffusion coefficient, c* is the concentration on the bulk of the reactant, & is the

thickness of the diffusion layer.
2.1.2.2 Butler-Volmer and Tafel Equation

The Butler-Volmer equation constitutes an important part of electrochemistry since it
describes the connection between the current density that can be produced from a standard amount
of overpotential applied and thus, how the voltage difference between the electrode and the bulk
electrolyte affects the electrical current via an electrode. It is known that, at the state of equilibrium,
the cell reaches its maximum potential. Nevertheless, when the current passes through the electrode
a drop of potential is observed due to electrochemical ability. The potential drop depends on the type
of the electrode (material) that determines if the electrode has fast kinetics and produces more
electrons in short time, namely the kinetic rate. The chapter of kinetics, as well as the equations that
underpin it, is based on the current density which is determined below by eq. 16:

i=1 (16)
A
Where, i is the total current and A is the electrode surface area. A redox reaction, as mentioned
above, is described from eq. 17:

R 2 0 +ne” (17)

kb
Where kp, ks are the heterogeneous rate constants, f stands for forward (oxidation, anode) and b
for backward (reduction, cathode) and they depend on the temperature (T) and the free Gibbs

energy of the reaction (AG). The correlation between the rate constants and the parameters is

given by eq. 18 and eq. 19:

(_areann)

kf = kO,fe RT (18)
(agann)

kb = kolbe RT (19)

Each electrode has its own current density depending on the half-cell reaction that takes place on
it and is defined by eq. 20 and eq. 21:
lq = kyCox (20)
ic = kpCreq (21)
Where, Cox, Cred refers to the concentration of the redox species. When it comes to equilibrium it applies
that io=ic. The total current density for the whole cell, including both half-cell reactions, is shown below in

eq. 22:

24



i =nF(ig— i) = nF(kaox — kpCrea) (22)

And in a compact type, eq. 23, it takes the form known as the Butler-Volmer equation:

QoxnFn Ared™Fn
i:iO{e( rt )—e (" RT )} (23)

In this equation there are some undefined terms that are explained below. Firstly, the termig refers
to the exchange current density at equilibrium conditions and it is a physical property of each
material. Also, the higher the value of iy the faster the electrode is and the more electrons it
produces in short time. Moreover, a is the charge transfer coefficient, n is the overpotential and
the term ox/rednFy is the electrical energy of reaction and electrons. Constants aox, ared are two
interdependent coefficients, since aox + ared = 1, and relate to how the applied potential affects and
favours anodic over cathodic reactions and vice versa.

The first term of the Butler-Volmer equation represents the anodic current and the second one
the cathodic current. The Butler-Volmer equation gives the current density when the system is at
equilibrium and both terms contribute equally. However, when the system is beyond this state and
oxidation or reduction takes over, the current density changes and has a different sign depending on
the half-cell reaction that is occurred at a higher level and thus to the potential. More specifically, when
oxidation dominates, the potential is positive (n>0), but when there is reduction, the potential is
negative (n<0). As a result, because we are far from equilibrium, the one term is considered to be
negligible and the current density is no longer supplied by Butler-Volmer law, and the behaviour of the
system is described by Tafel equation. Figure 4a shows that when the voltage, so overpotential,
increases, the anodic current (red line) grows as well, whereas the cathodic current (blue line)

approaches to zero. The opposite behaviour is observed when the voltage has a negative value.

a) Overpotentialn b)
015
=i +i, 0.10~
i 0.05 ,
. -a,¥zF &r ’,’ anzF — b, — anodic slope
lc=-—-fcon'e - ’[z’ia =iwrre % ok
. 0.05 b, - cathodic slope
T
1 Current density, i
! . 010k |
)
1 015} oy
i | J | ] 1
i -2 1 0 1 2
[ log(j/ Am2)

Figure 4. a) Typical | vs dependency based on the Butler-Volmer equation [32]; b) Tafel Slope for anodic and

cathodic branches [33].
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It is observed from Figure 4b, which is known as Tafel plots, that when the overpotential increases
or decreases over a certain value (approximately 50 mV) the current increases exponentially and the

equations for the anodic and cathodic current density can be expressed by eq. 24 and eq. 25:

a1
iq = igeba forn>0 (24)

i. = —ioe_blc for n<0 (25)
Where b, bc are the Tafel slope for each condition. From the intercept of the slopes, exchange
current ig can be calculated. Tafel slope value also indicates the number of electrons exchanged in
the electrochemical reaction, thus they provide valuable information regarding the mechanism of

a reaction. Tafel equation is usually presented as eq. 26:

n= bloglo(%) (26)

2.1.3 Electrical Double Layer

Any electrode reaction, is an interfacial (heterogeneous) reaction that requires a charge
transfer step, as well as a sequence of electrolyte reactant rearrangements before discharging at the
electrode surface. There must be a compensatory balancing charge near the liquid phase for any
charged solid surface, such as a metal electrode under potential submerged in liquid electrolyte
(liquid-solid interface). As a result, the liquid phase has a small but finite volume that differs from the
bulk liquid phase. More precisely, when a metal isimmersed into an electrolyte (liquid), both phases
carry different energy levels resulting in tension at their interface once they get into close contact
and there’s a spontaneous organization of charges at their interface. Due to the high dielectric
constant of water, all compounds take on a negative charge when distributed in it. lons attracted to
the surface charge of metals accumulate around the particles in the liquid. The anionic surface is
neutralized by cations, which create a well-ordered, immovable layer known as the surface
(stationary) layer. Since, the metal’s surface holds a large quantity of charge, a second layer forms
due to the lower attractive force. As a result, the second layer, which is called diffusion layer, is
disorganized. The two layered structure is called electrical double layer, and a potential drop is
confined to only this region. The double layer is important for the study of electrode kinetics since it

significantly affects the electron transfer rate [34],[35].

The electrode-solution interface has been discovered to behave like a typical electrical
capacitor and models explaining the behaviour at the electrode-solution interface relate to those of
capacitors. At any given potential there will be an accumulative charge on the electrode, Qglec, and an
accumulative charge on the solution, Qs. The voltage across, the interface, and the composition of the
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solution, determine whether the charge on the electrode is negative or positive in relation to the
solution. In all cases it is assumed that Qgiec = -Qs. The charge on the electrode is an excess or shortage
of electrons that forms a very thin layer on the electrode surface, whereas the charge in solution is an
excess of cations or anions. The array of charged species and oriented dipoles present at the electrode-
solution interface is generally known as an electric double layer and is characterized by the bilayer

capacitance Cq, which is often a function of potential.

2.2 Fundamentals of Catalysis

2.2.1 Catalysis and figures of merit

Many chemical processes, even though they are thermodynamically permissible, cannot
proceed on their own at a satisfactory rate. The basic variables that govern a reaction and allow it to
be controlled are temperature, pressure, concentration and contact time. The majority of industrial
reactions run under high pressure and temperature in order to achieve desirable rates of production.
These conditions, though, have significant consequences such as corrosion and damage of the
equipment and materials and furthermore they are energy intensive and have undesirable side
reactions and products. To avoid such occurrences, technical advancements have been made that are
divided into two sections that are both under the category of catalysis. Catalysis is the primary
technique for achieving chemical transformations. It is a procedure where the presence of a substance
(catalyst) that is not consumed during the reaction affects the rate and the result of the reaction. The
first section is the application of catalysts, which are substances that speed up the reaction rates and
allow them to run in lower temperatures and pressures. In reality, catalysts undergo reversible
chemical changes during the process. The second section is concerned with improved methods of
contacting, such as packed and fluidized catalyst beds that allow to operate in continuous flow
conditions at higher efficiencies. Also, the increased focus on environmental protection has resulted in
the growth of environmental catalysis, which can limit the emissions of unwanted or harmful
substances in the environment [36], [37]. Catalysis is classified in two main branches, homogeneous
and heterogeneous. There are five broad classes in catalysis research that depend on the catalysts that
are used, biocatalysts; homogeneous catalysts; electrocatalysts; conventional heterogeneous catalysts
and Ultra-high Vacuum (UHV) Surface Science. Catalysts contribute to the economy of the developing
countries accounting for about one quarter of their gross domestic product. They are used in contact

processes and catalytic converters as the three-way catalyst of a car [38, 39].
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The energy route for converting reactants to products determines the reaction rate. Catalysts
increase process in terms of productivity and energy consumption by offering an advantageous energy
pathway. During catalysis the chemical bonds between the molecules are dissolved, altered, and
reconstructed and then atoms are recombined into new molecules. In general, the role of the catalyst
is reducing the energy barrier or activation energy of the reactants for both the forward and the reverse
reactions and thus, increasing the rate of the reaction without being consumed. Because the catalysed
path requires less activation energy than the uncatalyzed path, more molecules will have enough
energy to react efficiently (Figure 5a). The energetics of the initial and final states are unaffected by the
catalyst but, it accelerates their attainment and the approach to the equilibrium state predicted by
chemical thermodynamics under certain conditions. More specifically, free energy and enthalpy are

unaffected by the presence of the catalyst.
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Figure 5. a) Effect of a catalyst on the activation energy. The catalyst provides a different reaction path with
a lower activation energy; b) Catalytic cycle [40].

Catalysts are classified according to criteria such as structure, area of application, composition, or
state of aggregation. They are classified as either homogeneous or heterogeneous. In the first case, the
catalyst and the reactants are in the same phase, commonly in solutions and the catalysts are well-
defined chemical compounds (molecule, ion, enzyme) dispersed in the reaction medium. It interacts with
a reactant to produce an intermediate material, which decomposes or reacts with another reactant in

one or more stages to renew the original catalyst and produce product.

The catalyst, in the second case, is usually a solid body, whereas the reactants are liquid or
gaseous. Heterogeneous catalysis is also known as surface catalysis since the reaction takes place
on the solid’s surface and the catalytic activity is only visible in some areas of the catalytic surface
called active sites and the reactant molecules are adsorbed onto a solid surface before they react

with the catalyst to form the product [41].

28



Catalysis has at least four steps, and these steps combined define the catalytic cycle as
displayed in Figure 5b. More particularly, with the reactants, the catalysts generate unstable
intermediates, which break down into the next step, releasing the catalyst. It can then create an
unstable intermediate with another reactant molecule, allowing the catalytic activity to continue. As a
result, a catalyst or active site molecule ‘reacts’ with a large number of compounds [42, 43]. In the first
step, adsorption of the reactant onto the surface of the catalyst where the bonds are dissolved and
new bonds are created with the catalyst’s active sites, then the activation of the adsorbed reactant
takes place. In the next step reaction of the absorbed reactant occurs and eventually diffusion of the
product from the surface into the gas or liquid phase (desorption) completes the catalytic
transformation. The concept of the active site is the essential aspect to be analysed surrounding the
discussion of the mechanism of catalytic reactions in heterogeneous catalytic reactions, which are
complicated processes. The active site is a convergent atom or a set of similar domains on the catalyst
surface where the catalytic transformation takes place. The catalytic process performance is
determined by the concentration of accessible active sites per unit of surface area or volume of a
catalyst. The number of active sites per unit of surface area varies by catalyst material, hence the
amount of exposed surface area impacts total activity and reaction rate. Thus, increasing the number
of accessible active sites by increasing the specific catalytic surface area is one strategy to improve
catalyst performance hence the porous, honeycomb-like appearance is a common form of a catalyst
at the surface catalysis procedure [44]. A special form of heterogeneous catalysis is the phase-transfer
catalysis in which a phase-transfer catalyst, or PTC, aids in the migration of a reactant from one phase

to another where the reaction occurs.

2.2.1.1 Activity, Stability, Selectivity

At this point it is crucial to discuss the three basic figures of merit for catalysts that determine
its efficiency and must be considered in the selection of a catalyst. To begin with, activity is the first
term to be explained. Catalytic activity refers to a catalyst’s ability to accelerate a reaction. The physical
contact of the reactants with the catalyst via chemisorption is what defines catalytic activity. The
activity is determined by the rate of conversion, therefore, the rate that product is created or a reactant

is eliminated and as a result it is measured by the specific reaction rate as follows by eq. 27:

r=—12u (27)
v;N dt

where n; is the number moles of reactant, t is time, N is the volume, weight or surface area of the

catalyst and v; is the stoichiometric coefficient of the reactant. The stoichiometric coefficient takes

positive values when i, corresponds to a product and negative when it corresponds to a reactant.
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Then onwards, the next term is selectivity. Selectivity is the ability of a catalyst to direct a reaction
toyield a particular product and exclude other thermodynamically feasible products that are undesirable
which lead to major gains in energy efficiency. So, the same reaction with different catalyst can yield to
different products. This feature may be one of the most important variables of a catalyst that can be
altered regarding the complex reactions [45]. Many parameters, such as the type of reaction and the
conditions (temperature, pressure, reaction time) that might lead to different pathways during catalytic
multipath reactions, can influence selectivity in addition to the type, shape, support (material with large
surface that the catalyst is affixed on) and additives of the catalyst. This occurs because they influence
the catalyst’s chemical and thermal stabilities, as well as the reactions intermediates and surface mobility.
At the molecular level, there are seven main parameters that can influence the activation energy barriers
and allow reaction selectivity to be controlled. Surface structure, absorbate mobility, reaction
intermediates, surface composition, charge transfer during catalysis and oxidation state of catalysis are
the parameters mentioned above. To evaluate a catalyst’s ability to accelerate a reaction in a specific
direction, such as B production (A — B), we utilize the parameter YB, which stands for selectivity as to B

and is described by the relation described from eq. 28:
Cp

Y =—= 28

b= oo (28)

Where Cag is the initial concentration of A, Cg is the concentration of the product B. Another parameter

that can evaluate the catalysts selectivity is yield to B and the formula is described from eq. 29:

__GCs
Cao—Ca

Sg (29)

Where, Ca is the concentration of A after the reaction.
Last but not least, stability is the last figure of merit for the catalysts analysis that needs to be

explained. Every catalyst is defined by its Turnover Number (TON) as given eq. 30:

Number of product molecules

TON = (30)

Number of active sites
Turnover number refers to the number of cycles a catalyst has been through till its total deactivation
which is the moment when a catalyst cannot catalyse anymore. Every new product that comes through
the catalyst means that a cycle has been completed and it is known as turnover cycle. The challenge
for a good development is to find the suitable conditions where the catalyst will run better in
combination with the less losses. To make this clear, a catalyst can run better in low temperatures,
however this is not feasible because of the low rate of the reaction in low temperatures. From the
equation (10) it is clear that, the greater turnover number means more stability for the catalyst, while

on the other hand. we mentioned that in theory a catalyst could last forever, but in reality, the lifetime
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of a catalyst lasts from some seconds to three years depending on the usage. Besides turnover, there
is another variable, named as turnover frequency or (TOF) that measures the efficiency of the catalyst
and can compare the activity of catalysts equipped with different structures and compositions. TOF is

expressed in units one over time (s?) as in eq. 31:

__ number of reactan converted or product produced

TOF

(31)

reaction time X number of active sites

As it is mentioned above, deactivation of a catalyst occurs due to physical and chemical factors, it
is inevitable to happen however slowing down is the main factor that can be adjusted. The three
main causes of deactivation in heterogeneous catalysis are poisoning, coking and sintering and

they will be analyzed briefly in the next paragraphs.

Poisoning

The first factor of deactivation refers to poisoning which is divided in two branches, selective and non-
selective. Selective poisoning is the term referring to chemisorption of some substances on the active
sites which are found on the feed system, and are adsorbed selectively blocking the action of the
strongest active sites. Sometimes though, this kind of poisoning is desirable to adjust selectivity of
catalysis. Non-selective refers to a linear relationship between catalyst activity and the percentage of

active surface (or sites) that is accessible [46].

Coking

This kind of deactivation is mostly common in the petroleum industry, involving reactions with
hydrocarbons where additional reactions result to the creation of carbonaceous residues which it

turn up in either covering the surface of the active sites or blocking the pores of the surface [47].

Sintering

Sintering is a physical and/or thermal phenomenon that, as there is a temperature growth
on the catalysis reactions, causes structural modification that leads to agglomeration and decrease in
the surface to volume ratio of the catalyst. Depending on the catalyst's kind, this can lead to either
a partial or complete collapse of the internal pore structure and a corresponding loss of surface
area or it can lead to a loss of active sites as a result of agglomeration of distributed metal or
crystallites to bigger ones. In general, this kind of deactivation usually takes place in high temperatures
over 500°C. Sintering can also be caused by high water partial pressures, particularly when noble

metals and high activity catalysts are involved. The sintering is described by three mechanisms: i) via
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the formation of active phase crystallites ii) the carrier (support) pore structure collapsing and iii) active

phase's solid-state interactions with the carrier [47].

2.2.2 Fundamentals of Electrocatalysis

Electrocatalysis deals with the chemical reactions which occur at the electrode-electrolyte
interface. More specifically, the phenomenon addressed as electrocatalysis, is a catalytic process
involving redox reactions through the direct transfer of electrons and requires electrocatalysts
(electrodes) in order to lower the overpotential of the reaction. Consequently, electric current is
involved in the electrochemical process [33, 48-50]. The rate of the electron transfer in an
electrocatalytic reaction depends on the electrode material, which acts as an electrocatalyst. In
general, electrocatalysis facilitates conversion between electrical and chemical energy (production of
chemicals) and vice versa (batteries, fuel cells, electrocatalysis devices), using electricity to realize
catalysis reactions. The aim of this procedure is to offer new pathways under the same potential
without inhibiting electron transfer rate. The transfer reactions on the electrode-electrolyte interface
strongly depend on the nature of the electrode material. Electrocatalysis is considered as a sub-division
of heterogeneous catalysis of interface reactions (Figure 6). Nevertheless, the two phenomena, are
closely related, involving the same elementary bond breaking and making processes and share
common principles in molecule transformation [49, 51-58]. Moreover, many of the most active metals
that are used in electrocatalysis are also used in heterogeneous catalysis such as Pt that is known to be
very active in oxidation of alcohols and reduction of O,.

In addition to the similarities above, there are definite distinctions between the two cases
of catalysis. The most significant differences between the two pertain to the presence of electrical
double layer (EDL), the influence of the applied potential on the reaction rate, the change of
composition on the side of the EDL and the concentration of intermediates and products. These
are some features of electrocatalysis that make the activation energy of electrochemical reaction
to depend on the applied potential as well as to a lesser extent on temperature. Furthermore,
unique reaction environments make them distinctive. The electrochemical environment is typically

harsher to catalyst stability.
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Figure 6. Displays three essential phases that take place during an electrocatalytic reaction: (l) transfer and
adsorption of the reactants to the electrolyte-electrode interface, (ll) electron transfer between reactant and
electrode, and (lll) desorption of the formed products from the electrode surface [37].

The dissolution of metal and the support are important concerns for electrolytic processes
as these phenomena are enhanced under electrochemical conditions. Additionally, the presence
of an electrolyte frequently hinders or improves catalytic kinetics, and at certain potentials, it can
result in surface poisoning. Electrocatalysis is centred on fuel cells and specifically proton exchange
membrane fuel cells, while heterogeneous catalysis spans in a wide range of chemical, automobile,
petroleum, and pharmaceutical industries. When conducting electrocatalytic procedures it is
desirable to have durability and activity for a long term and this contrasts with the short lifetime
of most heterogeneous catalytic reactions. Since the solvent, ions, and electric fields that can
dissolve a catalyst make it difficult to select one for electrocatalysis, only a few supported
metals/alloys and metal oxides can be used. As a result, there’s a narrow range of possibilities as

compared to heterogeneous catalysis [37].

Only certain chemical processes, which may be subdivided into oxidation and reduction, can
be carried out electrochemically. The reactants must be capable of either a forced or a spontaneous
electron exchange with the appropriate electrodes. There are, nevertheless, also apparent advantages
from electrocatalysis application namely; electrolysis can convert chemical energy into electricity
which is much preferred over heat. Likewise, it can supply the necessary energy that is needed for
endergonic reaction at room temperature that could be impossible otherwise. Also, by modifying the
circuit's current, reaction rates may be regulated. Due to the fact that the reaction rate is dependent
on the electrostatic potential drop at the electrode and electrolyte interface, there is another readily
controllable parameter that may be used to affect electrocatalytic processes. Hence, in heterogeneous
catalysis, the way to influence the reaction rate, is temperature while in electrocatalysis, electrode
potential takes over this role by shifting electronic energies in the electrode. Lastly, by applying

electrocatalysis it is possible, the anode and the cathode, to be separated by an ion-conducting
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membrane to prevent convective mixing of the reactants and to enable the separation of the oxidized

and reduced products [37]
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Figure 7. a) Reactions by applying electrical current; b) Relation between catalytic activity and
adsorption strength. Dashed lines are based on Arrhenius law and solid line is obtained with the
consideration of lateral interactions between absorbed intermediates [59].

Figure 7a illustrates schematically the process of electrocatalysis using electrical energy. More
specifically, instead of increasing the temperature in the reaction system, the necessary amount
AG is supplied in the form of electrical energy nFAU, and as previously mentioned; electrocatalysis
enables electrochemical processes, to take place at low temperatures in place of conventional
catalysis. The basic processes that take place during an electrocatalytic reaction are adsorption-

desorption, electron transfer, and bond breaking-formation.

2.2.2.1 Sabatier principle and volcano curve

Sabatier principle, that is usually applied to describe heterogeneous catalysis, is also used
for electrocatalysis. It states that, the ideal catalytic surface for a catalytic reaction, has optimized
adsorption strength for the reaction intermediate, that is neither too strong nor too weak. It has
been widely used as the key criterion in designing and screening electrocatalytic materials.
Schematic representation of the qualitative Sabatier principle is a curve called «Volcano Plot» and
it shown below. The Volcano curve shows the qualitative dependence of electrocatalytic activity

chemisorption strength of reaction intermediates.

According to Figure 7b above, interaction between the catalyst and the reactants must be
moderated in a certain level of adsorption strength. If the interaction is too weak then the
reactants will not be able to bind with the catalyst and few reactions will take place. On the other
hand, if the interactions are too strong, the products formed on the catalyst cannot desorb, leaving

the catalyst inhibited [60, 61].
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2.2.1.2 Electrocatalysts

Electrocatalyst is a special type of catalyst that participates in electrochemical reactions
and functions on the surface of the electrode or, most commonly, are the electrode itself.
Electrocatalysts expedite the intermediate chemical [56, 62-66] transformation while, they also
speed up the rate of electron transfer between the electrode and the reactants. They are defined
by activity, selectivity and stability like all catalysts. There are two main subcategories,
homogeneous and heterogeneous. The first category includes enzymes and inorganic coordination
complexes. In heterogeneous electrocatalysts belong the bulk materials (platinum metals), and
nanomaterials. Nanomaterials may be; nanoparticles that can be tuned with respect to their size
and shape, carbon-based materials that are well-suited to the absorption of many species and have

good conductivity and finally, framework materials.

2.3 Electrochemical devices

The term electrochemical devices, refers to systems that either use electrical energy in
order to provoke chemical reactions, or via chemical reactions they generate electricity for general
use. They are under the microscope of the scientists as their advantage is the production of direct
energy from one type to another, resulting in high efficiency with very low pollutant products. As
a matter of fact, comparing an electrochemical device such as a fuel cell and a battery with an
internal combustion engine the efficiency for the first is around 45% to 60% and if the heat energy
is captured, it can go up to 80%, in comparison with an engine where it is around 20% to 25%.
Furthermore, the fact that they can contribute to mobile and stable sources of energy with low
needs such as mobile phones, and high needs of energy like energy stations capable to supply
power to a small city, making them appear promising for the future. The main devices of this

category are; batteries, supercapacitors, fuel cells and electrolyzers.

2.3.1 Battery

The basic principle of a battery [67-76] is the transformation of chemical energy through some
reactions into electrical mostly for portable devices. In fact, its functionality is so simple and efficient
making it necessary for most of the devices. Li-ion batteries are the most common and have the most
extensive use on portable devices. The preference comes from the combination of good performance
and efficiency provided by using graphite on the anode and LiCoO; on the cathode Li-ion battery can
perform a maximum output of 3.6V while the current density can reach up to 150 Wh/kg on a single cell.

Despite the massive use of this battery, yet its use in EV is still under research because of some challenges
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such as lifetime, safety issues and thermodynamic instability. The main parts of the battery are two
electrodes, the anode and cathode, and the electrolyte or ionic conductor in the middle where the

reactions take place as shown in Figure 8.

| -

Electrolyte Cathode

Figure 8. Electron transporting and Li-ion exchange of a battery [77].

In order to provide the required voltage and current, inside the battery there are numerous cells
connected in series or parallel. Batteries are divided into two categories, rechargeable and non-
rechargeable. In the second case, if larger electrical current passes through the electrodes on the
opposite direction, then recharging is possible. The electrical energy provided from a battery,

meaning voltage and the capacity, depends on the substances of the chemical system.

2.3.2 Supercapacitors

Supercapacitors, also known as electrochemical double layer capacitors or ultracapacitors,
are energy storage devices that have high energy density compared to conventional capacitors and
high-power density compared to batteries. Their structure consists of two electrodes that are close
to each other and an electrolyte and a separator that allows transfer of ions. Many materials such
as carbon materials, mixed metal oxides and conducting polymers have been used as
supercapacitor electrodes. Supercapacitors are used when large amounts of energy must be stored
and delivered repeatedly since the charge-discharge time is just a few seconds. The concept behind
their operation is the storage of electrical energy in electrical double layer that is formed between
the electrodes and the electrolyte [78]. As voltage is applied to the supercapacitor the anions
diffuse in the pores of the positive electrode while, the positively charged cations are drawn to the
negative plate throughout the charging process. Hence, charge accumulates at the

electrode/electrolyte interface forming two double layers, one on the surface inside the conductor
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and the other layer on the electrolyte, as shown in Figure 9. These two layers have a really small

distance between them and they behave as a physical capacitor [78].
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Figure 9. Schematic diagram of supercapacitor structure and working principle [79].

The formula that describes the capacitance of a supercapacitor is given by eq. 32:

A
C—SE (32)

Where A is the overlap surface of the electrode plates and d is the distance between the plates

and € is the electrolyte permittivity.

2.3.3 Fuel Cells

The operation of the fuel cell is based on the phenomenon of transforming chemical to
electrical energy. The main parts that constitute a fuel cell, are two electrodes called anode and
cathode, the membrane and the electrolyte where the reactions take place. The electrodes and
the membrane are called membrane electrode assembly (MEA). Fuel cells also have bipolar plates
which separate both electrodes from neighboring cells and they have a triple role in the system.
Firstly, they ensure electron conductivity between the neighboring cells. Moreover, bipolar plates
enable the transfer of reactants (gases and liquids in the case of alcohols) to the electrode catalytic
sites and allow the drainage of reaction byproducts (H,0 and CO; in the alcohols context). Lastly,
they provide thermal control within the basic cell by removing extra heat. Another important
component of fuel cells is the gas diffusion layer which is placed before the anode and after the
cathode electrodes and offers heat transfer. It gives the MEA sufficient mechanical support to
prevent expansion due to water absorption, prevents floods by removing by-produced water from
outside the catalyst layer, and provides a gas diffusion path from the flow channels to the catalyst

layer.
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The classification between the various types depends on the type of the catalyst, the type
of fuel but also the processing of the fuel, for example outside or inside the fuel cell and lastly the
temperature range of the operation. With this information in mind fuel cells are classified in low
temperatures, Proton Exchange Membrane Fuel cell (PEMFC), Alkaline Fuel Cell (AFC), Phosphoric
acid fuel cell (PAFC) and in high temperatures, Solid Oxide Fuel Cell (SOFC), Molten Carbonate Fuel

Cell (MCFC). All these types will be briefly discussed in the following paragraphs.

2.3.3.1 Types of Fuel Cell
2.3.3.2 Proton exchange Membrane (PEMFC)
A Proton exchange membrane [80-87], [62, 88] (Figure 10a) uses hydrogen on the anode

and oxygen on the cathode in order to produce electrical energy. Their use is focused mainly on

the automotive industry as hydrogen could replace fossil fuels.
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Figure 10. a) Proton Exchange Membrane [89]; b) Alkaline Exchange Membrane [90].

The temperature operation of this fuel cell is from 20° to 80° Celsius. Some advantages are that it is
low weight, and sustainable to high current densities, resistant to oxidant reactions and for this reason
air can be used on the cathode instead of clear oxygen which is more difficult to produce. Also, PEM
can operate at low pressures of 1-2 bars and has compact structure which makes it durable over time.
Its major characteristic concerning the electrolyte is that it allows the proton exchange on the
membrane but blocks the electrons passage. The reactions are given by eq. 33 and eq. 34:

Anode: Hy; - 2H" + 2e” (33)

Cathode: 2H*+ 2e +1/20; > H,0 (34)

Proton exchange fuel cells operate with feed of hydrogen, methanol, and formic acid.
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2.3.3.2 Alkaline Fuel Cell (AFC)

Alkaline fuel cells were discovered for the first time by the scientist Dr. Francis T. Bacon in
the 1930s, and in 1952 he constructed the first AFC [91]. A very significant use of this fuel cell was
at the missions of NASA in the Apollo and space-shuttle programs in order to produce drinking
water. Conventional AFCs (Figure 10b) use hydrogen as a fuel on the anode, oxygen on the cathode
and KOH as an electrolyte, operating at temperatures between 60°C — 80°C. The choice of this
electrolyte makes it friendly to non-noble metal catalysts e.g. (nickel) because it reduces the cost of
production. AFC have a lot in commons with PEMFCs except the use of alkaline exchange membrane

instead of acid. The half-cell reactions of AFC are shown below by eq. 35, eq. 36, eq. 37:

Anode: 2H,+40H - 4H,0+4e’ (35)
Cathode: 0,+2H,0+4e >40H (36)
Overall reaction: 2H,. 0,>2H,0 (37)

They operate with hydrogen, methanol, ethanol, sodium borohydride, hydrazine, ethylene glycol,

glycerol, ammonia, dimethyl ether, potassium formate and 2-propane.

2.3.3.3 Phosphoric Acid Fuel Cell (PAFC)

Phosphoric acid fuel cell was the first fuel cell that was commercialized. It operates at
temperatures from 170°C to 210°C and was widely used as a stationary power generation, for
hospitals, factories, hotels and many other buildings [92]. As implied by the name of the fuel cell,
the electrolyte that is used is liquid phosphoric acid H3POa in concentration of 95%. The electrodes
used are carbon with pores, containing platinum for the catalyst role coming from Pt, Fe and Co
while the fuels used are natural gas, hydrogen, propane and digested gas. The efficiency of this
fuel cell, when used for generating electricity, is around 37%-44%. On the contrary, when it is used
for co-generation of heat and electric energy, efficiency can reach up to 85%. Because of the
resistance of the electrolyte to CO; presence, hydrogen is usually used on the anode as a fuel which
is produced from organic fuels usually hydrocarbons and alcohols while on the cathode it reacts

with oxygen. The main reaction of the fuel cell is shown below by eq. 38, eq. 39, eq. 40:

Anode: H;>2H*+e (38)
Cathode: %50y +2H"+ e = H,0 (39)
Overall: Hy+1/20;() - H.0 (40)
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2.3.3.4 Solid Oxide Fuel Cell

The operation of this fuel cell is around 750°-1000° C which makes it efficient up to 80% in co-
generation of electricity and heat. Also, the power provided can range from 1 KW to some MW, a wide
range of energy capable to move a car or to cover the needs of a large building. SOFCs use [83] a solid
ceramic electrolyte using metallic oxides which is usually an yttria stabilized zirconia or (YSZ). As regards
fuel, a variety can be used including hydrocarbon, hydrogen, carbon monoxide, methane, ammonia,
alcohols, natural gas and solid carbons. Fuel diffuses through the anode to the anode/electrolyte
(Figure 11) interface and it reacts with the oxygen ions, releasing electrons that are transported

through an external circuit, producing electricity.
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Figure 11. Schematic representation of a typical SOFC [93].

The advantages of this fuel cell are that: it is tolerant to CO in comparison with other fuel cells
that are poisoned, and it is flexible since it can directly function with more than one special fuel. These
characteristics make SOFC usable on portable applications or small-scale structures. On the other hand,
SOFC suffer from quick twist and turns of heat as it strains its materials a lot because of the high

temperature operations. The reactions of this fuel cell are shown below by eq. 41, eq. 42, eq. 43:

Anode: H; + 0> >H,0 + 2e (41)
Cathode: CO+ 0% >CO,+ 2e” (42)
Overall: H, + CO+ O; > H,0 + CO, (43)

2.3.3.5 Molten Carbon Fuel Cell (MCFC)

MCFCs are among the first fuel cells that were commercialized using a variety of fuels such
as methane or higher hydrocarbons fuels extracted from biomass or natural gas [94]. They belong
in the same category with SOFCs working on high temperatures, around 650°C using a liquid

electrolyte of lithium and potassium (Li/K)2COs or lithium and sodium (Li/Na).COs carbonate. The
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catalysts on the anode and cathode taking advantage of the temperatures, using non-precious
materials. As a result, MCFCs reduce considerably the cost of production by avoiding the use of
expensive materials. The fuel used, ranging from natural gas, anaerobic digested gas, coal gas,
biogas, to hydrogen, is fed on the anode reacting with ions of CO3?" that pass the electrolyte from
the cathode, producing water and carbon dioxide. The characteristic reactions are shown below,

in Figure 12 and they are described by eq. 44, eq. 45, eq. 46:
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Figure 12. Schematic representation of a molten carbonate fuel cell [95].

Anode: COs* + Hy > H,0 + CO, + 2e (44)
Cathode: CO; + %0, + 2> COs> (45)
Overall: Hag + %202 + CO2 - H20(g + CO, (46)

The major advantages of MCFC are that it can use a lot of different fuels via the internal reforming
operation converting them into hydrogen. Also, this fuel cell is resistant to poisoning by some
substances that appear in the reaction such as CO or CO>. The efficiency can reach up to 60% for simple
use of electricity or it can maximize up to 85% when it is used for co-generation of heat and electricity.
On the other hand, the main drawback is the durability of the fuel cell since it operates in such high

temperatures that the electrolyte is apt to corrosion problems due to its nature.
2.3.3.6 Direct Alcohol Fuel Cell

Direct alcohols fuel cells [96] are distinct from the fuel cells referred. They can generate
electricity by feeding the system directly with fuel without the need of converting it firstly into
hydrogen (internal reforming method), however the operation is similar to that of a proton

exchange membrane fuel cell. They are considered as future fuel cells, since some of their
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advantages such as low temperature operations, low fuel consumption in combination with high
energy production makes them ideal on specific applications especially in automotive industry.
This type of fuel cells will be analyzed in the next chapter. The alcohols that are mainly used to feed

the alcohol fuel cells are methanol, ethanol, propanol, glycerol and ethylene glycol.

The fuel cells that were examined above represent the evolution of the first fuel cell, whose
working principle is the direct supply of hydrogen. Hydrogen is the most active fuel for fuel cells,
since its oxidation rate is about four times greater than any other one-carbon compound, which
oxides in turn, faster than hydrocarbons by about the same extent. Nonetheless, its use is
accompanied with two great problems. It is the most common element and despite of the fact that
it is abundant, it doesn't naturally exist as a gas on Earth. The production of hydrogen is possible
either from water splitting (electrolysis) or from hydrocarbons. In the first case, is called “green
hydrogen” because it is produced from renewable sources (biomass, solar, wind) but up until now,
the process has been very expensive. There are more “colours” of hydrogen such as grey, that
identifies hydrogen that comes from the reformation of methanol and partial oxidation; brown
hydrogen, produced from coal and, yellow hydrogen when the source is nuclear power. The second
problem that arose is storage. Specifically, because hydrogen is a small molecule, it can leak rapidly,
especially when it is held in a compressed state. Additionally, it has low ignition energy and

consequently it can cause explosions.

For the purpose of dealing with the above problems, a new approach is being followed that
relies on the indirect storage of hydrogen in other fuels. For instance, one efficient technique of
storage is in alcohols, such as methanol and ethanol, which is discussed and analyzed in the

following chapter.

2.2.4 Other electrochemical devices

2.2.4.1 Electrochemical Sensors

A sensor is a device that responds to a physical stimulus (movement, light, concentration etc.)
and it transmits it to electrical impulse as a technique of measuring any alterations in the material’s
fundamental properties. It provides continuous information about its environment. Electrochemical
sensors are employed widely across a wide range of application fields and have become increasingly
popular as potent analytical tools, particularly in the pharmaceutical and biomedical, science and
food technologies, as well as environmental applications [97]. They are divided into three categories;

potentiometric, amperometric and conductometric. A typical electrochemical sensor consists of a
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sensing electrode, a counter electrode which are separated by a thin electrolytic layer and a

reference electrode as shown in Figure 13.

Sensing Electrode

Reference Electrode

[ Counter Electrode

Electrolyte

Figure 13. Schematic representation of an electrochemical sensor [98].

Alongside the sensing electrode, where stable potential acts on, the reference electrode is inserted
in the electrolyte. Firstly, the sample reacts with the sensing electrode and then reaches the counter
electrode to generate a strong enough electrical signal. Most electrochemical sensors use an
electrode surface as the reaction's location. The electrode will either oxidize or reduce the sample.
The reactions of the sample molecules with the sensing electrode and counter electrode are
simultaneously monitored. The concentration of the sample is typically directly correlated with the
measurement outcome. The sensor may target the sample depending on the amount of voltage

given to the sensing electrode [98].
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CHAPTER I

3. Direct Alcohol Fuel Cells

3.1 DAFC and sustainability

The simultaneous growing global energy demand and the extensive use of internal
combustion engines that function with fossil fuels have caused many problems to our planet. Fossil
fuels are unsustainable energy sources due to their negative environmental impact while their
gradual depletion poses significant risks and challenges. Among the potential, long-term solutions
for the substitution of fossil fuels to meet the demands of sustainable development, biofuels gained
traction over the recent years. A prevailing method for the implementation of this idea is the
development of fuel cells. Specifically, as mentioned in the previous chapter, hydrogen is the most
effective fuel for fuel cells. Nevertheless, its widespread use as a fuel is limited due to the lack of
efficient systems for its storage as well as its high production cost. Hydrogen storage should involve
the least possible chemical transformations in order to minimize the inherent energy losses
associated with multistep chemical reactions. For instance, producing hydrogen from natural gas is
a process that involves many steps. First, natural gas that contains hydrogen, CO,, CO, CHs and other
by-products, is steam reformed via conventional reformers. Consequently, a second step needs to
be taken involving water gas shift, which includes partial oxidation and pressure swing adsorption,
where carbon dioxide and other impurities are removed from the gas stream, leaving pure hydrogen.
Apart from the multistep procedure, natural gas steam reforming requires high temperatures. All
these issues that negatively affect efficiency and cost, have led to the development of alternative
technologies to produce high purity hydrogen such as indirect storage of hydrogen in other fuels,
especially in alcohols such as methanol and ethanol. Notwithstanding the fact that hydrogen can be
produced from a variety of feedstocks, including fossil fuels such as natural gas, oil, and coal, it is
preferable to use ‘green’ hydrogen, which is a product of biofuels, such as biomass, by steam
reforming, owing to the catalysts' limited tolerance for CO concentration.

Methanol and ethanol are the two main alcohols produced from biomass and utilized in
direct alcohol fuel cells. Methanol is an interesting hydrogen source because in ambient conditions
it is in liquid form, which eases storage and transportation [99, 100]. Also, it has high H/C (4:1)
ratio. Due to the lack of C-C bonds it has a low reforming temperature (200-300°C) and low risk of

coking [101]. Finally, even though methanol is toxic, it is biodegradable that is major advantage.
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Hydrogen can be produced from methanol through several processes. However, the most
effective is steam reforming because it provides higher concentration and yield of hydrogen
compared to partial oxidation, combined reforming, and/or methanol decomposition [102].

On the other hand, ethanol is also considered to be one of the most promising alternative
fuels because of its low toxicity, as well as its renewable, sustainable and biodegradable nature.
Furthermore, bio-ethanol’s price is gradually falling due to the development of fermentation
technologies. Ethanol has even lower toxicity levels than methanol, it is easy to transport, while it
has comparatively high hydrogen content. Its utilization results in a nearly closed carbon dioxide
cycle that significantly reduces net emissions to the atmosphere. Besides that, ethanol is also
sulphur-free and as a result, it doesn’t cause damages to the metallic surface of catalysts enhancing
in this way their longevity [103]. Since hydrogen is obtained from both ethanol and water, the
ethanol steam reforming optimizes the hydrogen yield [104]. Ethanol can be put straight into the
reformer to create hydrogen without the need for extra steam and the steam reformer can be
connected to water gas shift reactor without the need of additional heat exchanger due to the
temperature rate at which the steam reformer operates at (350-500°C).

Nissan employed alcohol fuelling to power the first biofuel-powered automobile, applying all
these technological advancements for the first time. In 2016, Nissan presented its first fuel cell
vehicle [105, 106], operating with a mix of, water blended ethanol bio-fuel, achieving an efficiency
around 55%, using a safer, eco-friendly fuel with short-time tank refill. In this vehicle, as it’s shown
in Figure 14, a SOFC stack with external reforming converts bioethanol into hydrogen on the

reformer and after that, it flows on the fuel cell, generating electricity which can charge the battery.
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Figure 14. Representation of a SOFC vehicle [105].

More specifically the operation of the fuel cell is shown in Figure 15. Ethanol is reformed into
hydrogen through the main reaction in eq. 47,

C,HsOH + H,0 > 6H, + 2C0, (47)
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where the hydrogen that is produced from the reformer enters the fuel cell reacting with the air
coming from the cathode. The heat produced from the reaction on the fuel cell is captured and

returns facilitating the reform process, saving a large amount of wasted energy.
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Figure 15. Operation of external reform of SOFC [105].

3.2 Reforming of Hydrocarbons

Direct alcohol fuel cells, typically function using two approaches, internal and external
reforming (Figure 16a, 16b). The concept behind this idea is the direct feed of the fuel cells with
biofuels that are reformed through a reformer. The development of reforming hydrocarbons in
hydrogen fall in one of the following processes: steam reforming; dry reforming; autothermal
reforming (combination of steam reforming and partial oxidation); and partial oxidation.
Sometimes there’s a combination of two or more methods. Partial oxidation requires the least
quantity of hydrocarbons, and it doesn't involve a catalyst, although it has a low H/CO ratio.
Autothermal reforming on the other hand operates at lower temperatures than partial oxidation
but it demands air/oxygen. Steam reforming is a highly industrial method, there’s no need of
oxygen input and it has the lowest operation temperatures. Moreover, it has the highest H,/CO
ratio yet, it has the highest greenhouse gas emissions from all the aforementioned methods [107].
Steam and dry reforming are endothermic reactions, meaning that additional heat is needed for

their operation, while partial oxidation is exothermic, thus produces heat.

3.2.1 Steam Reforming

Hydrogen is the first fuel that comes in mind when referring to fuel cells. Since we have
mentioned that the storage of hydrogen is difficult, scientists search for bio-fuel conversion of
mostly liquid and solid alcohols like ethanol and methanol, but there are also non-green fuels such
as biodiesel and glycerol coming from biodiesel [108], as well as hydrocarbons such as methane.

The most widely used method to produce hydrogen today is by using natural gas as a fuel,
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representing approximately 50% of the total hydrogen production globally [109]. Considering
though, the quest for the elimination of fossil fuels, there are many biofuels that can also be
converted into Hydrogen via steam reforming. The process of catalytic steam reforming refers to
the reforming of a biofuel into CO, CO; and H,0 in the presence of a catalyst. It starts from the
point that syngas has been produced from biomass through an endothermic reaction where heat
energy is required to reach the equilibrium of the reaction. The produced syngas reacts with a
steam in high temperature of 700-1100° Celsius and pressure of approximately 3-25 bar where
hydrogen and CO are produced. Because CO is not desirable, a second reaction, called water gas
shifting, follows where CO reacts with water and produces CO; and Hydrogen. The most preferred
catalysts are noble metal catalysts such as Rh/Al,COs or Ni/Al,COs for ethanol while for methanol,

copper-based catalysts are on the top of list [110],[111].

3.2.2 Dry Reforming

Dry reforming (DR) is a process which converts hydrocarbon fuels, mainly methane (CHa),
into hydrogen and carbon monoxide using CO, [112], [113]. The main application of this operation
is the same as steam reforming and partial oxidation, i.e., the reformation of fuels into hydrogen
for various applications. However, the fact that gas emissions such as carbon dioxide can be used
to produce hydrogen makes dry reforming an eco-friendlier operation. Dry reforming is still in
research stage and thus there are not many applications except from methane reforming. The main
problem of this method is carbon formation which reduces deactivation, although formation is on
the same level with steam reforming, but H to C ratio in dry reforming is making the problem more
difficult to overcome. The conversion of alcohol fuels into hydrogen comes from their reaction with
CO; producing CO and H; which in turn is followed by a water gas shift reaction to reform the
remaining carbon monoxide. It is a highly endothermic reaction, requiring a lot of thermal energy
(heat). According to researches, the ideal temperatures for the dry reforming of ethanol is 1200-
1300° C, [114] at pressures of 0.1 — 2 MPa. The catalysts used are mostly Ni-based but Cu, Rh and

Co-based catalysts are also used.

3.2.3 Autothermal Reforming

The autothermal reforming process is a combination of partial oxidation (POX) and steam
reforming (SR). It consumes less energy than steam reforming and partial oxidation since it
combines, the exothermic reaction of the latter with the endothermic of the former aiming at
reaching thermal equilibrium. The aim of this process is high yield hydrogen production but also,

low carbon monoxide emissions. Taking these features into consideration, catalysts are the key to
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achieve this. Usually there is a preference in noble metal catalysts such as Rh, Pt, Pd and Ru. The
disadvantages are that materials are expensive, pushing the researchers to find less expensive
catalysts, such as non-noble metals i.e. Ni and Co [115]. Moreover, coke deposition and long-term
stability are two other features that are searched for. Autothermal reforming is usually used in
smaller scale hydrogen production devices [116]. Its superiority compared to SR and POX, relates

to quick start-up times compared to SR and higher hydrogen productivity compared to POX.

3.2.4 Partial Oxidation

Partial oxidation refers to the reaction of a hydrocarbon or alcohol fuel with pure oxygen
producing hydrogen and carbon monoxide. The features that characterize this process are, quicker
reaction, and startup rates, compared to steam and autothermal reforming. Direct conversion of
a fuel in this way is an exothermic reaction making it more attractive since no external heat is
required. Also, the variability in fuels’ utilization is another benefit that makes this type of
reforming attractive. This process is divided into two subcategories, direct and indirect partial
oxidation[117, 118], [119]. In the first case, reforming process is proceeded directly with one step

for example, the reaction of methane is described from eq. 48:

C,H,0H + 30, + 3H, (48)

On the other hand, in the indirect method, some part of the fuel is reformed into carbon
dioxide and water, and syngas. Then, it is reformed via steam reforming and water gas shifting. It
is not clear in the studies in which way methanol and ethanol are reformed but according to some
studies, the reactions follow the indirect way. Catalysts that are usually used are supported
transition metals such as Ni, Co and Fe, noble metals, and perovskite oxides. Oxidation of the fuel
separates oxidation in two categories, depending on the temperature of the reaction: catalytic
(CPOX) and thermal (TPOX) partial oxidation, where the first operates at low temperatures 700 —
900° Celsius, while the second at higher than 1200°C. POX reaction is highly affected by the carbon
to oxygen ratio which operates better in low temperatures, so for this reason SOFC systems can

integrate this kind of reaction as a reforming method.

3.3 Internal Reforming

As mentioned above, most fuel cells need to convert hydrocarbon primary in fuel hydrogen-
rich gas required for electrochemical reactions. One possible way to achieve the conversion is the
indirect fuel converting system such as an external steam reformer or a partial oxidation reactor.

Nevertheless, for the steam reformer to operate, heat is needed to drive the process. This heat is
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provided by the exhaust gases of anode and cathode. These gases are directed into a burner with
excess fuel where the combustion takes place. The heat from the burner is used to preheat both
fuel and steam and provide the heat that the reformer requires. However, there is another more
efficient and favorable way to provide the appropriate amount of heat, that is by carrying out the
reforming in the cell stack, known as internal reforming. Internal reforming eliminates the need for
a separate fuel reformer making the design of the system more efficient. Additionally, there is a
high reduction in the need for cell cooling, which is often accomplished by flowing extra air through
the cathode. Moreover, internal reforming also minimizes the volume and the weight of the whole
system since it eliminates the need for water gas shift and preferential oxidation reactors to purify

the fuel after the external reformer [120].

Internal reforming in a fuel cell can be accomplished in two ways: i) indirect or integrated
and ii) direct reforming. In the first method, the reformer section and the fuel cell anode are
physically apart but they are thermally very close to one another. In the second method, alcohol is
directly fed to anode where the reforming takes place. It is applied mostly on solid oxide fuel cells

and molten carbonate fuel cells.
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Figure 16. Schematic representation of a) external reforming b) indirect internal reforming and c) direct
internal reforming [121].

In direct internal reforming (DIR) (Figure 16c) reforming catalysts are loaded in the anode
gas channel directly. The electrochemical oxidation of hydrogen in fuel cells can provide some of
the steam and heat needed for the reforming reaction, so there’s no requirement for extra fuel to
be burned to drive the reaction. Additionally, because hydrogen is still being consumed, the
equilibrium of the reforming reaction may be further shifted to the right, enhancing fuel
conversion, resulting in a more uniform distribution load of hydrogen and providing inherent
dynamic stability. Nevertheless, an anode material with strong catalytic characteristics for power

production and steam reformation is required when direct internal reforming is utilized. For
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example, when in solid oxide fuel cells, the anode is made of nickel/zirconia cermet, which has the
appropriate attributes for both steam reforming and power generation, there is no need for extra
catalyst, and it can provide substantial activity. The main issue related to this method is the carbon
deposition on the anode of the cell and the consequent electrocatalyst deactivation, which affects
cell performance and longevity. It was attempted to raise the steam to carbon ratio to reduce the
formation of carbon, but this had the unintended consequence of diminishing the electrical
efficiency of the cells by diluting the fuel with steam. Therefore, cutting-edge anode materials that
permit direct internal reforming at low steam to carbon ratios may provide important advantages.
Another problem, mostly affecting high-temperature solid oxide fuel cells, is brought by the
endothermic nature of the reforming reaction, which results in significant cooling effects and
temperature gradients and, as a result, places a ceiling on the permitted amount of internal

reforming [122], [123].

The indirect internal reforming (Figure 16b) approach involves conversion of the fuel by
reformers positioned in close thermal contact with the fuel cells stack [124]. A reforming catalyst
is used to carry out the reforming process, and it is positioned in an indirect reforming unit within
the fuel cell assembly that are separate from the anode electrode but in close thermal contact. In
this way, the heat that is produced during the exothermic electrochemical reaction is efficiently
consumed from the endothermic steam reforming procedure. Because the catalysts are devoid of
electrolyte vapor contamination, longer catalyst life is anticipated. The reformed gas then is
directed to the anode electrodes for the electrochemical reaction to occur and hydrogen is
produced [125, 126]. The advantage of this approach is that because the reforming catalysts are
not poisoned by electrolyte vapor, a longer catalyst life is anticipated. Also, the anode electrode is
protected by the carbon deposition and there’s a good heat transfer between the fuel cell and the
reformer. A well-known drawback of this method is the potential imbalance between the rates of
endothermic and exothermic reactions, which causes a significant local temperature drop,
especially close to the entrance of the internal reformer, that inevitably leads to mechanical failure

because of thermally induced stresses [127].

3.4 External Reforming

It was previously mentioned that internal reforming is a more efficient operation for
hydrogen production, however there is a drawback, taking in consideration the results of several
studies performed on this kind of reforming [128]. These studies showed that carbon formation

on the anode can cause deactivation and deterioration. At the same time, the large temperature
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difference between fuel and fuel stack can causes mechanicals stresses. To avoid these problems,
external reforming is the operation when pre-processing steps occur in two reactors separately.
The most common fuel cells for external reforming are SOFCs and MCFCs, used as power
generators combining the energy from fuel cell and from gas turbines. Because of the high
operation temperatures (700-900°C) the advantage of this reforming is the co-generation of
electricity and heat and as a result, the increase of the overall efficiency, as heat can be used for
water heating or other applications increasing overall efficiency. The process of external reforming

is shown in Figure 17.
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Figure 17. Schematic representation of external biofuel reformer feeding a SOFC system [128].

Biofuel and water enter in separate ways in order to increase the temperature and after that they
get pressurized by the compressor, reaching the appropriate temperature and pressure. After
reforming into syngas which is a mixture of H,, CO, CO,, H,0 and unconverted fuel, the syngas
enters the anode of the fuel cell. Moreover, fuel and CO can be converted into hydrogen via steam
reforming and water gas shifting respectively. On the anode, air passes through the heater and the

compressor entering the anode of the fuel cell stack and reacting with the hydrogen.

3.5 Direct Alcohol Fuel Cells

Pure hydrogen or hydrogen in a high percentage of purity; is more efficient, it produces
higher current densities, and has a better overall performance on fuel cells. The main problem with
hydrogen is the difficulty regarding its storage and distribution since there are not enough
distribution networks in the cities. Direct alcohol fuel cells were invented in order to overcome the
barriers of hydrogen storage and transportation. In contrast with conventional fuel cells, DAFC
have higher volumetric energy density, they have simple operation and, liquid fuels are preferable

than gaseous due to safety concerns such as flammability of the fuel.
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More research for direct feed utilization has been made for liquid fuels since they can be
stored and transported more easily. Also, as regards safety concerns, alcohol is less flammable
than hydrogen in high pressure. The fuels that have been studied for usage are methanol, ethanol,
ethylene glycol and glycerol. Methanol has gained most of the interest and progress, as it’s a liquid
fuel, it is not expensive, and it can be stored and transported easily. It has high volumetric energy
(15.9 MJL?Y) in STP conditions. However, there are some issues with methanol that need more
research such as low activity, the poisoning of the anode to carbon monoxide production, as well
as the depolarization loss on the cathode due to crossover of methanol through the Nafion
membrane. These issues along with the fact of the toxicity in the products of methanol, such as
formic acid and formaldehyde, as well as the fact that it is not a renewable fuel pushed the scientific
community to search for other fuels. Ethanol seems to be promising since it can be easily produced
through the fermentation of sugar in large quantities and at low cost, there is also an already
existing transportation network since it is used as a blended fuel in vehicles. This fuel also produces
toxic emissions, acetic acid, and acetaldehyde due to the incomplete electrooxidation reaction, but
it is less toxic than those of methanol. Studies have also been made on the other fuels, ethylene

glycol and glycerol but, they are still at research stage.

As regards fuel cells, PEMFC have shown the larger research activity and progress
throughout the years because of the variety of applications, on portable devices, vehicles, but also
in stationary power sources. These fuel cells operate with proton exchange membranes, the most
common is Nafion membrane, providing sufficient chemical stability. The operation of PEMFC
requires a reformer, internal or external, to operate since only hydrogen is applied. The reactions

of DA PEMFC are shown below in eq. 49, eq. 50 and eq. 51:

Anode: C,,Hyp,+1OH + (2n — 1)H,0 - nCO, + 6nH™* + 6ne~ (49)
Cathode: 0, + 4H* + 4e~ - 2H,0 (50)
Overall: 2C,Hy,4+10H + 3n0, = 2nC0, + (2n+ 1)H,0 (51)

Some features that need further research are the use of expensive materials such as platinum
electrodes; the low temperature operation which slows down the kinetics and as a result
electrocatalysts can accelerate reactions’ rates. Alkaline fuel cells (AFC) were also studied for
alcohol feeding. They were developed from 1960 to 1980 but they weren’t preferred due to the
quick progress of PEMFC. Apart from that, AAFC have some advantages that could give them the
green light to operate. They are less corrosive in alkaline environment; the kinetics are faster in

this medium of electrolyte and faster oxygen reduction reactions which enables them to use less
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expensive materials such as non-noble metal catalysts which could be silver catalysts and
perovskite oxides and low cost electrocatalysts. The key feature of these catalysts is the tolerance
on methanol crossover and also, they are more active on the reaction of oxygen to hydroxide. As
a matter of fact, AEMFC in ethanol feed can achieve the same performances as those of Direct
Methanol PEMFC, at lower cost and more simple structure. SOFC is another popular fuel cell that
is researched for direct feed utilization. These stacks operate at temperatures higher than 600°C
which makes them capable of reaching efficiency of up to 80% when they are used for co-
generation of electricity and heat. This is the main application of SOFC, since they are usually used
for stationary applications such as power plants. There are SOFCs stacks that operate in lower than
600°C temperatures, where they can use less expensive metallic interconnects and sealing. The
time of start-up is quicker with less heat exchange as well as the time of turning off the system.
SOFCs can operate with direct feed of alcohol on the anode without any pre-reforming method
however with this way there is also coking deposit on the anode. Another problem with this type
of fuel cell is the performance of alcohols in comparison with hydrogen. According to the
bibliography, there is less performance due to the complication of the reactions, to disrupt the

alcohol fuel.

3.5.1 Direct Ethanol Proton Exchange Membrane Fuel Cells

Proton exchange membrane fuel cells also referred to as polymer electrolyte membrane
fuel cells stand out among other types of fuel cells due to the many characteristics that define their
working principle. Proton exchange fuel cells operate at low temperature rates (usually < 90°C) so
they have a quick start up and response in load changes and operating conditions. They are quite
tolerant in CO; so the atmospheric air from the cathode can be used instead of pure oxygen. Also,
they provide high density current in excess of 1.0 W/cm?, high electrical power densities of more
than 1 kA/cm? and potential difference [129]. The working range of pressure is low (1-2 bars) and
so they ensure safe operation while they have efficiency of more than 50%. Great tolerance is also
observed at the pressure difference of reactants. Moreover, these types of fuel cells are compact
and durable while they have simple mechanical design. Because of these characteristics, PEMFCs
have gained lot of attention over the last years in academic, industrial, and governmental
organizations, especially for mobile and portable applications such as automobiles, other forms of

transport and many small devices. Publications per year about PEMFCs are given in Figure 18.
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Figure 18. Researches that have been conducted over PEMFCs per year (Copyright © 2022 Elsevier B.V. All
rights reserved, Scopus® is a registered trademark of Elsevier B.V.).

In general, PEMFCs utilize polymer electrolyte membranes (PEM) in order to conduct ions
(H*) and they act like solid electrolytes. The proton exchange membrane is essential to the
functioning of the fuel cell because in addition to serving as a hydrogen ion carrier, it also serves
as an electrical insulator and a layer that separates the reactants between the anode and cathode.
The membrane must adhere to particular specifications. Firstly, there’s a need for high ionic
conductivity, low fuel permeability and high gas separation capacity. Moreover, it is crucial for the
membrane to have electrochemical, morphological, and dimensional stability and good thermal
and hydrolytic stability. In both dry and hydrated phases, there is also a demand for materials with
strong mechanical properties. Despite the different PEM structures, perfluorinated membranes
are currently most commonly utilized in PEMFCs. The most common membrane for PEMFCs is
Nafion membranes which are polytetrafluoroethylene (widely known as PTFE or Teflon) [130].
Nafion membranes were first developed by DuPont and their main characteristics are, high proton
conductivity, chemical stability, and long life (more than 60.000 hours). They are also distinguished
for their high thermal stability and chemical resistance to Cl;, H, and O,. Nevertheless, Nafion
membranes have disadvantages such as low performance in anhydrous conditions and at high
temperatures (>80°C). Due to these problems, research has been made in developing other
membranes like polybenzimidazole (PBI) and sulfonated poly(sulfone) that are distinguished for
their high thermal and oxidation stability. However, no other membrane could compete with the
performance and durability ratio of Nafion membranes and so they still retain their leading position
for PEMFCs especially dopped with various inorganic and organic fillers in order to improve their

performance [131].
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3.5.1.1 Working Principle, Setup, Performance

Recently, proton exchange membrane direct alcohol fuel cells have attracted much
attention and especially direct ethanol fuel cells, since hydrogen is an impractical solution. Among
all the possible fuels that can be used for either internal or external reforming in fuel cells,
methanol was the most favourite because of its high electrochemical activity. However, methanol
is toxic to humans and the sluggish kinetics still represent serious problems. During the attempts
to identify fuels for fuel cells, ethanol caught researchers’ attention. Ethanol’s (EtOH) energy

density is approximately 26.8 MJ/kg.
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Anode: C,H.OH +3H,0 - 2CO,+12H" +12¢
Cathode: 30, +12H' +12e — 6H,0

Total Reaction: C,H,OH +30,— 2CO,+3H,0
Figure 19. Working principle of a direct ethanol fuel cell [132].

The working principle of a direct ethanol fuel cell is presented in Figure 19. More specifically, the
aqueous ethanol solution is fed to the anode where the complete oxidation to CO; and water takes
place with the aid of electrocatalysts. Then, protons are passing to the cathode through the
electrolyte and the electrons flow in a close circuit and they meet the cathode. At this stage the
protons and the electrons react with the oxidant, which is air or pure oxygen, in order to produce
water. Every ethanol molecule produces 12 e but the oxidation process also produces many by-

products and intermediates and the reactions are described below by eq.52, eq.53, eq.54.

Anode: C,HsOH + 3H,0 — 2C0, + 12H* + 12e~, E.=+0.19 [133] (52)
Cathode: 30, + 12H" + 12e~ - 6H,0 (53)
Overall reaction: C,H:OH + 30, — 2C0, + 3H,0 (54)
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3.5.1.2 Challenges

The fundamental issue in the procedure is the difficulty of breaking the C-C bond, which is
particularly challenging in low temperatures. The desired procedure that leads to complete ethanol
oxidation implies C-C bond cleavage by forming CO which is eventually oxidized to CO; owing to
high energy conversion. There are two major pathways that can occur from ethanol’s oxidation
reaction. In the first one, C1, the C-C bond is broken, resulting in the production of C1 fragments.
These fragments are oxidized in CO and in the last step in CO.. In the C; pathway the C-C bond does
not break and ethanol undergoes sequential oxidation reactions to acetaldehyde (CH3CHO) and
acetic acid (CH3COOH). Complete ethanol oxidation to CO; involves a complex network of reactions

with over 128 different types of possible C; and 21 different types of C1 intermediates [133, 134].

CH,CH,OH —"-CH,CHO—* - CH,COOH

(3) (4)

CO + additional fragments —=— CO,

Figure 20. Ethanol’s oxidation possible pathways [99].

In Figure 20 the general scheme of ethanol’s oxidation is shown. More specifically, in the reaction (1)
ethanol is oxidized to acetaldehyde transferring two electrons and acetaldehyde, in turn; it can be
oxidized in acetic acid transferring two additional electrons. Acetic acid’s oxidation is very difficult
and so it can be considered as the final product of the whole reaction especially on platinum
electrodes because it is very stable. Even if acetic acid’s oxidation takes place there are only four
extra electrons produced and so the overall energy is lower than the energy in complete oxidation.
The reaction described above belongs to the C; pathway. On the other hand, reactions (3), (4)
represent pathways that allow the transfer of 12 electrons in total. In both processes, the molecule’s
C-C bond cleavage is involved, releasing adsorbed CO and other fragments. These extra fragments
are most likely subsequently oxidized to produce adsorbed CO molecules. The last transfer of an
oxygen atom to the adsorbed CO molecule is necessary for the conversion of the adsorbed CO to CO;

and the finalization of the reaction that describes the C; pathway.

Because the cleavage of the C-C bond is a mechanism that is not yet understood and aims to
overcoming this problem, the most widely accepted procedure used is, ethanol’s oxidation following

the C; pathway, which is called partial oxidation even though it produces only 4 electrons. Therefore,
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the design of efficient electrocatalysts to selectively enhance C1 pathway is highly desirable for the
development of direct ethanol fuel cell technology, although there is also a struggle with ethanol’s
oxidation reaction sluggish kinetics on the anode electrocatalyst that must be solved at the same
time. The majority of the studies performed have demonstrated that, platinum-based electrode
materials, which have strong catalytic activities towards ethanol oxidation, are the most
advantageous for achieving complete oxidation [135]. Even though ethanol oxidation at Pt
electrodes is being studied, various issues arise, including auto-inhibition or poisoning phenomena
using pure platinum electrodes. Thus, in order to improve the electrocatalytic activity, platinum is

modified by adding other metals, a procedure that will be analysed in the next chapter [136].
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Figure 21. a) Effect of both current density and ethanol concentration feed on ethanol’s crossover rate b)
Ethanol crossover rate as a function of a range of ethanol feed concentrations and cell operating
temperatures [137].

Regarding the various fuel supply and management concepts, direct ethanol fuel cells can
be divided into passive and active. Active systems need external mechanism to feed the cell with
fuel and oxidant and fits for large fuel cells but it has higher cost and lower energy density. On the
other hand, passive systems take advantage of natural forces diffusion, convection (air breathing)
and evaporation in order to operate without the need of any additional energy consumption. Both
systems face the problem of ethanol crossover when the cell operates with high density
concentrations, which is another important challenge for the development of direct alcohol fuel.
The term fuel crossover describes the unintended movement of fuel (fuel molecules, not fuel ions)
from the anode to the cathode through the electrolyte membrane by an external or natural force,
generating heat, which is an undesired phenomenon. As a matter of fact, ethanol is recognized for
having a lower rate of crossover due to its lower permeability through Nafion membrane and

slower electrochemical oxidation kinetics.
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Decreased cathode potential and cathode depolarization are two drawbacks of ethanol
crossover. This phenomenon also has an impact on the fuel cells’ efficiency that is decreased [138].
Consequently, permeated ethanol and intermediates may poison the cathode catalyst affecting
the cell’s performance. Additionally, it wastes fuel while the device is operating [139]. In general,
ethanol crossover is affected and actually increased by temperature, current density and feed
concentration. It can be seen in Figure 21a that the crossover rate depends on both current density
and feed concentration. Above a certain concentration (8mol/L) a volcano behaviour is observed

due to the swelling of the membrane [137].

Figure 21b shows the crossover rate as a function of different feed concentrations and cell
operation temperatures. The main approach to solve this problem is through the feed of diluted
ethanol solution. Although this causes energy losses in direct ethanol fuel cell system the efficiency
of ethanol at the anode catalyst may cause polarization of the cell voltage. Moreover, diluted fuel
solution feed leads to greater gradient of water concentration between the cathode and anode
sides and consequently, more water passes through the membrane to the cathode. This, along
with the water produced by oxygen reduction, increases the risk of flooding and so it leads to an
increase in oxygen resistance and fuel cell performance. As a result, a new issue -the issue of water

management- is emerging.

Water management in direct ethanol fuel cells, is about removing the water from the
cathode and replenish the water loss from crossover in the anode. Nonetheless, this issue may be
resolved easily by removing the cathode water, transferring it to the anode where it is needed.
This procedure is called back diffusion. Researchers found more alternatives, for reducing ethanol
crossover, such as modifying the electrolyte membrane, enhancing anode catalyst activity and
inserting the microporous layer at the anode structure. These solutions concern mainly active

systems while only a few studies on passive systems have been reported despite their importance.

3.5.2 Direct Ethanol Anion Exchange Membrane (Alkaline) Fuel Cells

Over the last decade, there is a growing interest about AEMFC because of their perspectives
to operate with high performances. According to Figure 22 between 2000 and 2009 there hasn’t
been any significant interest as there are less than 100 research articles, however between 2010

and 2017 we can see a fast-growing research activity about AEMFCs.
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Figure 22. a) Research that has been conducted on AEMFCs, b) representation of cell voltage versus current
density [140].

Although AEMFC have similar structure with PEMFC, their fundamental difference is the
use of an anion exchange membrane operation in a high pH environment with a solid polymer
membrane. It usually operates at temperatures between 60 — 80°C, the peak power can reach a
high amount of 1.8 W/cm? at ambient pressure [141] utilizing ETFE-based, radiation-grafted anion
exchange membrane using hydrogen feeding on the anode and air on the cathode. Peak
performance, according to research is affected by the catalyst material. As a result, on the cathode,
it is shown that non-PGM catalysts such as silver, some metal oxides and nickel can reach the
highest yield value. While on the cathode, carbon supported Ni-Cu, Pt or nickel decorated Pd
catalysts are appropriate for hydrogen feeding. Besides the catalysts, the characteristics of the
MEA that showed better performance are the usage of ionomer on the membrane with good
conductivity of more than 40 uS/cm, and thickness less than 30 um at room temperature.
Hydrogen as it was mentioned in the previous chapter requires expensive materials, storage is
difficult for continuous use, and it is not eco-friendly. DAFCs are characterized by higher volumetric

density in comparison with hydrogen.

The fact that research focuses on anion exchange membranes, knowing that PEMFCs offer
a good package of performance, is attributed to challenges that have to be faced. These challenges
that in an alkaline media are managed in a better way, refer to the crossover of the fuel, where
ethanol flows from the anode to the cathode through the membrane without reacting, resulting in
performance losses as the chemical reaction is imperfect. Another challenge that in an alkaline
media [142-144] fuel cells operate better is related to water management, which plays a primary
role in ionic conductivity. The membrane of the MEA is the main part that distinguishes fuel cells
into categories such as, liquid, or solid electrolyte, acid, or alkaline environment. It is observed that

AEMFCs have a problem with ORR kinetics as they are very sluggish. In the 1960s, they were widely
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used in spacecraft missions such as the APOLLO using a liquid potassium hydroxide electrolyte and
although it enhanced performance and kinetics, carbonate formation limiting hydroxide OH-
diffusion on the membrane and pore blocking of the electrode, were sufficient problems to
interrupt their further development. Therefore, the conclusion was that a solid electrolyte, instead
of a liquid electrolyte, enhances the overall performance through the avoidance of carbonation

and leakiness, representing problems that can occur during mechanical failures.

For the AEMFC to be satisfactory in terms of performance, certain criteria should be met.
Beginning with low ethanol permeability throughout the membrane because the higher it gets as
the reactions become incomplete, high ionic conductivity of over 100 x 10-3S/cm is also essential;
low-cost materials which is the main reason of research in an alkaline environment; as well as thin
layer between anode and cathode between 50-80 um. Moreover, mechanical, and long-term
chemical and thermal stability are characteristics that AEM must provide during the operation.
Anion exchange membranes fall into two main categories: (a) polyelectrolyte membranes where,
ionic groups based on quaternary ammonium are connected on the chain of polymer while anions
are connected with the ionic function groups to keep electroneutrality on the electrolyte, and (b)
alkali-doped membrane which is based on the interaction of the cations of alkali with
electronegative atom. The most commonly used solid electrolyte for alkaline fuel cell consists of
guaternized ammonium membrane, developed by Tokuyama A201, which can achieve high
amounts of released energy, of 58 mW/cm? at ambient conditions. Another form of membrane is
alkali doped polybenzimidazole (PBI) membranes, usually dopped with KOH or NAOH [145]. An
added base increases EOR kinetics because of the extra anions extracted from NaOH as it is shown

by eq. 55:
12NaOH - 12Na + 120H" (55)

In general, the performance in an alkaline environment is relatively low, making a change
in the pH value to change the conductivity of the electrolyte. The pH is increased by adding a base
on the ethanol leading to faster kinetics, increasing conductivity and resulting in higher
performance of the stack. Polyvinyl alcohol (PVA) membrane has also been studied and it is
regarded as an excellent fill-forming material. This group of membranes involves low-cost material

and preparation, and it is also nontoxic.
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3.5.2.1 Working Principle, Setup, Performance

A typical AEMFC [146] consists of an anion exchange membrane in the middle, a catalyst
layer on the anode and cathode, and a diffusion layer on the anode and cathode (Figure 23).
Catalyst layers usually include a mix of catalysts and ionomers that provide triple-phase
boundaries. The main task of diffusion layers is to support catalysts’ layer and to conduct
electricity. A diffusion layer consists of two parts, a backing layer that is made of carbon cloth or

carbon paper and a microporous layer (MPL).

On the anode, ethanol flows through the diffusion layer and it continues on the catalyst layer mixed

with base NaOH or KOH, or pure ethanol, where oxygen reduction occurs EOR as seen in eq. 56:

Anode: CHsOH+ 120H - 2CO, +9H,0 + 12e” E,=-0.74V (56)

CoHOH + Hy0 + CO, air/O,+ 1,0

-

C;HOH + H,0 E air/O,

Figure 23. Representation of anion exchange membrane direct ethanol fuel cell [146].

On the cathode, pure oxygen or air reacts with the water that is obtained from the fuel in addition
to the water that is produced from the anode reaction and passes through the electrolyte, in
combination with the electrons that flow in the circuit, producing the demanded anions. The
produced anions pass through the membrane from the cathode to the anode to react with the

ethanol according to eq. 57, eq. 58:

Cathode: 0;+2H,0+4e > 40H" E.=0.4V (57)
Overall reaction: C;HsOH + 30, > 2CO, + 3H,0 E=1.14 V (58)

Besides these products, ethanol also produces some toxic elements -acetic acid (acetate) and

acetaldehyde — because of the oxidation reaction that are expressed by eq. 59:

C2HsOH + 50H" - CH3COO™ + 4e” + 4H,0 (59)
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In fact, the product of the overall reaction contains more acetic acid rather than carbon dioxide,

hence the reaction of the ethanol is shown below by eq. 60:

C,HsOH + O, + OH - CH3COO + 2H,0 (60)

Multiple studies have shown [146] that between Pt based and Pd based catalysts, the second
option results in higher performances. Also, alkali doped membrane offers good performances and
conductivity values. According to the research on Pd/C and PdNi/C catalysts on the anode while on
the cathode there was a FeCo catalyst, the results showed an OCV of 0.89 V and 0.79 V respectively
in each occasion while the current density was 90 mW/cm? and 67 mW/cm? at 60° Celsius. In
another occasion of alkaline doped membrane, [147] containing PtRu/C on the anode and Pt/C on
the cathode results showed a current density of 49.2 and 60.95 mW/cm? at temperatures of 75°C

and 80°C respectively.

3.5.2.3 Challenges

AEMFC faces some challenges that are based on the idea of the ethanol feeding, ethanol
crossover, conductivity on the membrane, durability, and stability that all contribute to the total
performance and efficiency of the stack. Ethanol crossover occurs when ethanol fuel passes through
the membrane unexpectedly, as it is an unwanted phenomenon which reduces the efficiency of the
fuel stack; it can poison the cathode catalyst due to products that contribute to the oxidation of the
catalyst. There are several reasons for its occurrence such as, current density, ethanol concentration
on the fuel, the thickness of CL and the temperature. lonic conductivity affects the performance of the
fuel cell, it usually rises through the augmentation of the ionomer concentration, reaching to the
maximum value of conductivity and after that point it starts decreasing. Increasing the ion exchange
capacity and the temperature enhances performance. Furthermore, it was mentioned before that
conductivity raises its value by adding a base KOH or NaOH on the ethanol solution and on the
membrane. Regarding the membrane conductivity, it depends on the dipping time of the membrane

to the added base, thus too much time can hurt the membrane and reduce conductivity.

3.5.2.2 AEMFC vs PEMFC differences

Although acid and alkaline fuel cells have the same structure but different exchange
membrane, there are more differences that distinguish the operation of these two types of fuel
cells. Beginning with the exchange membrane, instead of protons exchanging on the membrane
there is anion exchange on the membrane. Another difference is that they have opposite
directions (Figure 24) as regards the ions and anions exchanging. While ions move from anode to
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cathode at PEMFC, anions in contrast, move from cathode to anode. The final difference refers to
water production; on AEMFC water is produced in double portion in comparison with PEMFC while
itis also a reactant on the cathode. It's worth mentioning that except from anion production, there
are also other products of the reaction such as HCOs", CO3’, however anion OH" is the main product

of the reaction.

a ) Proton Exchange Membrane Fuel Cell b ) Anion Exchange Membrane Fuel Cell
EJ;'L“;";] E Loui j
Fuel in —» & & => H,0 + hoat Fuel in —> —> heat
s OH-

Excess fuel Excess fuel

out <€ O, or air +H,0 + hoat out u € O, or air + H,0
Anode: H,—+2H'+2e Anode: H,+20H —~+2H,0+2e
Cathode: %2 0,+2e +2H' - H,0 Cathode: 20, +H,0+2e —20H
Cell: H, +% 0, = H,0 Cell: H, +% 0, = H,0

Figure 24. Schematic representation of a) PEMFC, b) AEMFC, of hydrogen feed [148].

The interest in alkaline media electrolyte instead of acid electrolyte was the result of the fact that
reaction kinetics, both ethanol oxidation reaction (EOR) and oxygen reduction reaction (ORR), are
faster. An important feature to highlight is production cost; fast kinetics are capable to complete the
demanded reactions and therefore there is no need of precious materials on the catalyst surface.
Regarding the fuel sector, there is flexibility on the alkaline environment, so it allows the use of
hydrogen and alcohol fuels like ethanol and methanol, with reforming or with direct feeding. Efficient
water management, quicker ORR, and extended research for more materials about membrane on the

alkaline environment are among the challenges that need further research.

3.5.3 Direct Alcohol Solid Oxide Fuel Cells

Solid oxide fuel cells (SOFCs) are advanced electrochemical reactors that present significant
advantages over traditional energy conversion systems -and even new technology systems- and
they are therefore the subject of extensive research activity, as shown in Figure 25a. They are
employed in the industrial sector, offering at the same time a realistic prospect of becoming
commercially viable [149]. High efficiency electrochemical energy generation is offered by these
fuel cells without any environment degradation [142, 150]. They provide high efficiency (up to
65%), fuel adaptability and low NOx and SOx emissions. Furthermore, they operate at elevated
temperatures (700-1000°C) which in essence eliminates the need of external reformer, and thus
extra expenses, for the fuel to be reformed and feed the cell while and it also improves the

tolerance of the fuel cell in fuel impurities. Investigations on solid oxide fuel cells have taken place
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using a variety of configurations, including tubular and planar geometries. Figure 25b illustrates
the design of the tubular geometry cell. Additionally, pressurized solid oxide fuel cells may be
utilized for replacing combustors in gas and steam turbines. These hybrid systems have an

efficiency of approximately 70% [151].
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Figure 25. a) Publications per year for Solid oxide fuel cells according to Dimensions database b)
Tubular solid oxide fuel cell design [150] c) Yttria stabilized zirconia representation on a molecular
level [152] d) Conductivity of yttria stabilized zirconia in air at 1000°C [153].

A new trend that has gained a lot of momentum and rendered SOFCs pole of attraction over the
last decades, is the solid oxide fuel cell combined heat and power systems which can raise overall
system efficiency by approximately 80%. More specifically, these systems, in residential use, take
advantage of the high range produced heat to produce hot water achieved by simple heat

exchangers. Also, in a stationary system the heat can be used for instance to gasify coal.

In solid oxide fuel cells, the most common electrolyte is yttria-stabilized zirconia (YSZ) which
is an oxygen ion conductor (0%). Yttria-stabilized zirconia (YSZ) is a structural ceramic material in
which the yttrium oxide (Y203) addition stabilizes the cubic crystal structure of zirconium dioxide
(ZrO2) at ambient temperature as shown in Figure 25c. YSZ is characterized by some prominent
features such as thermal shock resistance and high temperature tolerance, which is quite useful in
SOFCs since the temperatures are elevated and it undergoes thermal cycles from room temperature
to operation temperature and vice versa. It has also good chemical stability in both oxidising and

reducing atmospheres and outstanding mechanical properties. Moreover, it is abundant, quite
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inexpensive, and robust while it is easy to manufacture. Pure zirconia may change forms in a variety
of temperatures. For instance, it has a monoclinic structure at ambient temperature, a tetragonal
structure at around 1170°C, and a cubic structure at about 2370°C. Yttria, has a high solubility in
zirconia, stabilizes it at cubic fluorite phase from room temperature to its melting point (2680°C)
while at the same time it increases the oxygen ions vacancies making the mixture highly ionic
conductive [154]. In YSZ, Y,03 typically makes about 8 mol% of the total because in higher
concentrations the ionic conductivity is significantly decreased as shown in Figure 25d. In tubular
SOFCs, zirconia is doped with about 10% yttria. YSZ is chemically inert toward other components that
are used in solid oxide fuel cells [153]. For optimal fuel cell performance, the YSZ electrolyte must be
completely porous-free, to prevent gases from passing through it from one side to the other while
at the same time it must be uniformly thin in order to reduce ohmic losses, high oxygen ion
conductivity and as close to zero as possible electron transport rate. The anode in SOFCs, in contrast

to the electrolyte, must have porous structure and be electrically conducting [155].

The vast majority of SOFCs use nickel as anode material, mixed with the electrolyte material to
create a cermet, due to its low cost and the thermal expansion coefficient that provides. The preferable
nickel percentage content is around 30% because this is the threshold for the electrical conductivity
needed, as under this concentration the electrical conductivity is the same as the electrolytes.
Moreover, above this concentration the thermal coefficient of nickel/yttria-stabilized zirconia increases
linearly with the nickel content and so there’s a major thermal mismatch with the electrolyte. Thus,
there is high likelihood for the electrolyte to crack or, for the anode to delaminate during manufacture,
operation, and temperature cycling. Cathode must have the same features as anode in solid oxide fuel
cells. Due to the high temperatures, the choices are limited to noble metals or electronically conducting
oxides. Electronically conducting oxides are the only materials utilized in practice since noble metals
are not financially feasible. In addition, in this case, the material must have thermal expansion
coefficient comparable to that of the solid electrolyte and should not display any signs of propensity to
react with the electrolyte. Many doped oxides have been studied, but the one that stands out is the

Strontium-doped lanthanum manganite (LSM) for zirconia based SOFCs [156].

3.5.3.1 Working Principle

A solid oxide fuel cell (SOFC) consists of the anode where fuel enters with water, the
cathode using the oxygen air, the electrolyte, and the interconnect. When there is tubular design
of SOFC another part is important, the cell-to-cell connector. According to the research on direct

ethanol operation, in most of the cases of ethanol fuel, an internal reformer that converts ethanol
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to hydrogen before it enters on the fuel stack is used. The reactions of the direct ethanol fuel are

shown below by eq. 61, eq. 62:

Anode: C;HsOH + 3H,0 - 6H, + 2C0, (61)

Cathode: 0.50; + 2e” > 0% (62)

Direct ethanol is not as efficient as hydrogen however, with internal reforming SOFC performance
shows much better values. Ethanol is reformed partially on the anode using a small amount of
water to enable the reaction. Water plays a key role in the reforming process as it controls the
activity of the reaction where maximum output voltage can go up to 1.5 V. The reactions in this
case, after the steam reforming and water gas shifting where hydrogen and carbon monoxide exist,

are shown below by eq. 63, eq. 64, eq. 65, eq. 66:

Anode: H, + 0> > H,0 + 2e (63)
CO+0% > CO, +2e (64)
Cathode: O, + 4e” = 207 (65)
Overall: H, + CO + O, = H,0 + CO, + AE (66)

In this case of internal reforming an anode that is coke forming resistant, with high electronic and
ionic conductivity is needed. The main material is Yttria, which satisfies all these requirements.
However, when hydrogen is the fuel, it seems that it cannot withstand ethanol feeding. In fact Steil
et al [157], reported that after 4.5 hours of operation with dry ethanol, the fuel cell collapsed, and
the performance in this switching of fuel dropped from 1.15 V on hydrogen to 0.95 V on ethanol.
The solution on this coke deposing is the modification of Yttria anode by adding extra materials

such as Pt and Sn, which are responsible for forming Ni-M bimetallic catalyst.

Regarding stability, S.D Nobrega et al [157], reported that on a voltage of 0.7 V using hydrogen and
ethanol as fuels, after 1.5 hour there was stability where, ethanol’s current density was slightly better
at 0.067 A/cm? than hydrogen at 0.059 A/cm?. Another important fact is that on this experiment the
stability occurred for more than 100 hours on ethanol feeding, offering a good heading that no

carbon formation existed on the Ni catalyst and thus ethanol can be fully converted successfully.

3.5.2.2 Challenges

As any other electrochemical device, direct ethanol solid oxide fuel cells face some
challenges regarding the components, materials and reactions that take place. One of the most
common problems is the coking formation on Ni-based anode. This type of anode materials are

vulnerable to coking as Ni-based cermets are highly active for catalytic fuel cracking reactions,
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hastening the thermal decomposition of hydrocarbons, which results in high accumulation of coke
on the anode surface [158]. In order to solve this problem research has been conducted on Cu-
based cerments and perovskite -a material that has the same crystal structure as the mineral
calcium titanium oxide- oxides [159]. Because Cu has poor catalytic activity on hydrocarbons and
the carbon does not deposit on anode surface, Ni-Cu mixed materials in specific percentage
contents are also recommended for anode in SOFCs. The non-nickel anodes, however, have issues
with low electrocatalytic activity, limited chemical stability due to the ease of interfacial
interactions with other cell components, and a high cost of manufacturing, which prevents their
use in more advanced applications [160]. Two strategies can be followed to prevent coke
formation: one by thermodynamics and one by reactions kinetics. From a thermodynamical
perspective carbon formation cannot be prevented [161, 162]. In this respect, the addition of O
atoms to the hydrocarbon fuel is advantageous to reduce carbon formation, and the presence of
an O atom in the molecular structure of ethanol is advantageous for this goal. Moreover, the
addition of water in steam form in fuel gas increases the O/C and H/C ratio and as a result it
mediates the coke formation. When the proper amount of water is used, this method can boost
the fuel's efficiency, because of the fuel steam reforming, but if the added steam is higher or lower
than what is needed, the efficiency of the fuel cell will drop because of the fuel dilution. This can
be tackled by using anode materials with the capability of water storage, since water is one of the
products of the oxidation reaction. The coke formation is also affected by the reaction kinetics.
Thus, from a kinetic viewpoint, the way to avoid coke formation is either to reduce the carbon
deposition rate or increase the carbon removal rate. For instance, alloying Ni with less active
fragments, such as Fe and Cu, can supress the carbon formation rate. However, this diminishes the
overall electrocatalytic activity and as a result the efficiency of the cell [163]. In contrast, increasing
the rate of carbon removal by altering the catalyst's surface is another way to suppress coke
production. Recent research showed that Ni-based alloy electrocatalysts have better tolerance to
carbon. One strong suggestion over this method is the utilization of proton-conducting perovskite
oxides such as BaZro.4Ceo.4Y0.203 (BZCY). These perovskites can naturally take the protons from the
dissociation of water's electrons and capture the water molecules, which helps to reduce the
carbon deposition [164]. Liu et al have developed and reported Ni with BaZro.1Ceo.7Y0.2xYbxO3-5
(BZCYYb) anodes with a high water storage capability that have excellent coking and S tolerance
for SOFCs that operate with hydrocarbons [165]. However, there is no report on the practical

applications of these perovskites in SOFCs so far.
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CHAPTER IV

4. Low Temperature Direct Ethanol Fuel Cells in Acidic Media
4.1 Introduction

Direct ethanol fuel cells, among other fuel cells, have developed significantly over the past
20 years thanks to their exceptional qualities and ecologically friendly operation. In general,
ethanol can undergo oxidation in either an acidic or an alkaline environment, leading to two
distinct pathways. This chapter will present an overview of the literature on low-temperature
direct ethanol fuel cells operating in an acidic medium. Anode, cathode, and electrolyte materials
will be reviewed. To determine the ideal combination using the information available in the

literature to date, the findings of multiple research groups will be analysed and compared.

In the direct ethanol fuel cells analysed in this thesis, ethanol is oxidized in acidic medium.
More specifically, the oxidation occurs in low pH environment (pH<5.0) and since the H*
concentration is fairly high in acidic DEFCs, the cation transition occurs more favourably than in a
basic medium [166]. PEMs are therefore more suited for low pH values. In acidic type fuel cells,
water is produced at the cathode, and it is consumed at the anode during oxidation reaction [167].
The anode compartment's ethanol concentration tends to decline, requiring replenishment, while
the cathode compartment's water concentration rises, necessitating removal to avoid flooding and
issues with fuel cross-over. Additionally, proton exchange membrane fuel cells offer flexibility in
terms of using solid electrolytes and thus preventing electrolyte leakage [168]. Ethanol's
electrochemical oxidation is a gradual process that involves numerous parallel channels and a
complicated mechanism. Acetaldehyde and acetic acid are the products of partial oxidation
created when ethanol is oxidized through the so-called C; pathway, whereas CO and CHyx fragments
that can be further oxidized to CO; are the reaction intermediates that are created when there is
C-C bond cleavage (C1 pathway). Nevertheless, due to the poor activity of catalysts usually the EOR
process cannot occur completely making the C; pathway most common [133, 134]. Inferior
conversion efficiency and incomplete oxidation represent the main obstacles in DE PEMFCs
commercialization. Also, one of the most significant problems that DE PEMFCs face is the CO
poisoning. Platinum anode is poisoned by adsorbed CO, which is generated from the dissociation
of ethanol, strongly binds with active sites, blocking the catalytically active surface area and thus
the reactivity of catalyst reduces [169]. Hence, it is crucial to design electrocatalysts that are highly
active, have good CO-tolerance and are stable in order to achieve better efficiency and avoidance

of the aforementioned serious problems.
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The complete ethanol anodic oxidation, oxygen reduction and overall reaction of DEFC

could be described by eq. 67, eq. 68, eq. 69:

Anode reaction: CH3CH,0H + 3H,0 - 2CO, + 12H* +12e7, E'= 0.084 V versus SHE (67)
Cathode reaction: 30, + 12H* +12e"= 6H,0, E*=1.229 V versus SHE (68)
Overall reaction: CH3CH,OH + 30; 2CO0; + 3H,0, Eeme= 1.145V (69)

Here, E  and E* respectively denote anodic and cathodic reaction potentials and Eems donates

standard electromotive force (E* - E"). SHE denotes the standard hydrogen electrode.

4.2 Electrocatalysts for DE PEMFCs

4.2.1 Anode materials

On the anode of direct ethanol fuel cells ethanol’s oxidation occurs and thus, the metals
that are used for anode electrocatalysts must serve this purpose. Electrocatalysts should facilitate
ethanol’s oxidation reaction (EOR) and at the same time reduce the values of the oxidation onset
potential [132]. High electronic and catalytic activity, are some additional characteristics that are
desired in electrocatalysts. Pt catalysts is the main material used for anode and cathode providing
the best performances, while it has been shown to be the sole active and stable noble metal for
oxidizing alcohol, especially in acidic media [170]. However, taking into consideration the high cost
of noble metals, research has been made on bimetallic, trimetallic or ternary catalysts. To
effectively use these metals, they have to be well dispersed to small particles on conductive carbon
supports. Doping the Pt catalyst is a method used to reduce the cost and decrease the CO poisoning
effect of the catalyst aiming to the reduction of Pt usage combined with other materials such as

Sn, Ni, Rh and Ru.

Pd and Ir based catalysts are also used and belong to the noble metal category, and they
own similar performances. Also, monometallic, bimetallic or trimetallic alloys are usually used with
the above materials or even with Fe and Mo. The traditional approaches of impregnation, co-
precipitation, and ion exchange do not provide enough metal surface area or good metal particle
distribution. An alternative technique that uses prefabricated metal colloids and subsequent
deposition on the support material has been studied to circumvent the aforementioned
drawbacks. Catalysts’ main operation is, breaking the C-C bond of the ethanol, and the high
concentration of the converted CO; in comparison with the other products of ethanol, acetic acid
and acetaldehyde. C-C bond cleavage increases fuel utilization and fuel cell efficiency. In addition

to the features mentioned above, a good catalyst must also satisfy the requirement of high electric
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conductivity which is achieved by using carbon as a support which has high electric conductivity
and a significant impact on the activity of supported catalysts, altering the electronic structure of
the catalyst in addition to particle shape, size, and distribution and thus, it is the most commonly
used supporting material with a suitable surface as Tsiakaras et al. mentioned [132] in their review

in 2005.

4.2.1.1 Platinum-Based

Pt monometallic

Platinum (Pt) is the most commonly used metal on electrocatalysts, due to its ability to
drive the ethanol oxidation reaction (EOR). It has been proven that the bigger catalytic surface area
enhances the catalytic activity, and thus mostly carbon-based materials are used as efficient
supports on EOR applications. Pure Pt is readily poisoned by CO-like intermediates of ethanol
electro-oxidation. However, the combination of Pt with other metals can enhance the
electrocatalytic activity towards EOR and suppress the poisoning. Therefore, one of the main aims
of research is to create efficient electrocatalysts that could carry out ethanol oxidation at lower
potentials. The main focus of Pt poisoning mitigation has been the addition of co-catalysts to
platinum, particularly ruthenium and tin. The most investigated anode materials found in literature
are PtSn and PtRu based. In the existence of Ru, Sn oxides, the oxidation of the firmly adsorbed
oxygen-containing species is promoted by providing oxygen atoms at a nearby site at a lower
potential than that provided by pure Pt. According to the inherent mechanism, Pt's electronic
structure is altered by Ru, Sn, which has an impact on how oxygen-containing species bind to it
[171],[172]. Since the early 2000s, many experimental studies have been devoted to anode-
electrocatalysts for EOR either on the three-electrode method or in an electrochemical single cell.
However, it should be noted that when employing acidic fuel cells, there are fewer types of

catalysts accessible due to the low pH environment [173].

Perez et al. [174], performed an experiment on commercial Pt/C catalysts with different Pt
content 20, 30, 40 and 60 wt.%. The measurements were taken with Nafion membrane, Pt loading
of the catalysts layers was 1.0 mg/cm? and 0.1 mol/lI HClIO4 with Vulcan XC-72R support. Direct
ethanol single cell tests were carried out by feeding 1 mol/l aqueous ethanol solution at the anode
and at the cathode oxygen at 3 atm pressure at 90°C with different Pt particle size. The current
densities increased in the order 60 wt.% Pt/C < 40 wt.% Pt/C < 20 wt.% Pt/C < 30 wt.% Pt/C. The

performance of the cells with 20 wt.% and 30 wt.% Pt/C was similar, while the cell with 40 wt.%
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and 60 wt.% Pt/C showed a lower performance. These results were also confirmed by Tayal et al.
[175], experimented on monometallic carbon supported Pt/C -on a 40 wt.% of Pt and 60 wt.%
carbon- catalyst which showed low amounts of current density around 5.9 mA/cm? and the ethanol
oxidation started around 650 mV. In general, the catalyst support material has a significant impact

on the performance and longevity of PEMFCs [176].

Out of the Pt monometallic catalysts investigated, the one with 20% Pt loading had the
better performance while the catalysts with higher loading percentage had lower performances.
Although 30% Pt catalyst had higher current density the negative effect on ORR was also the

highest, decreasing the overall cell performance.

4.2.1.2 Platinum Bimetallic (Binary) Alloys

It has been seen, according to extensive research that Pt alone is not as a capable oxidant
as when it is doped with metals, and as it was mentioned above because of the high cost of Pt,
most binary and ternary catalysts are researched [136]. Most research on bimetallic catalysts has
been made on carbon supported PtSn/C and PtRe/C where they show the best performance
providing a current density of catalyst. Except from Sn and Re more metals have been researched

such as Co, Rh, Pd and Ni since the cost of these metals is much lower than Pt.

Pt-Ru, Pt-Sn, Pt-W

Tsiakaras et al. [177], performed a single fuel cell test in order to compare anode materials
for direct ethanol fuel cells with pure Pt and Pt alloyed with Ru, W, Sn as anode catalyst at standard
temperature around 100°C. Nafion® 115 membrane was used with Vulcan XC-72R carbon support
(carrier) with BET area of 250 m?/g while the active single cell area is 9 cm?. The cathode material
used was pure Pt/C at 20 wt.% Pt with 1.0 mg/cm? metal loading and feeding of non-humidified
oxygen at flow rate of 120 ml/min at 0.2 Pa pressure. Anode was fed with ethanol solution 1 M at
flow rate 1 ml/min. Pt1Ru1/C appears to have the most negative potential at about 0.53 V and peak
potential at 0.23 V, lower than single Pt/C. The rates of peak potentials of PtiPdi/C, PtiSn1/C,
Pt1W1/C were respectively 0.65 V, 0.71 V and 0.75 V. As it is obvious from the results (Figure 26),
the positive peak current of ethanol on PtW is close to this of PtSn but it appears at higher positive
potential. PtSn/C presents higher positive peak current density and as a result higher activity to
ethanol electro-oxidation. The first oxidation peak corresponds mainly to the formation of CO; for

ethanol whereas the second oxidation peak is caused by other products as acetic acid and
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acetaldehyde for ethanol [178]. PtRu has the lowest overpotential and thus, it is also a promising

catalyst.
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Figure 26. Cyclic voltammetry spectra of carbon-supported bimetallic catalysts at 25 °C. Electrolyte is 0.5 M
H>S04 solution containing 1.0 M ethanol. The scan rate was 10 mV/s [177].

The table below (table 1) shows the results from the single cell test for every tested catalyst for
open circuit voltage, power density and current density at 30 and 60mA/cm?. This further shows that
Sn has a high compatibility as a good bimetallic catalyst for ethanol oxidation when paired with Pt in
low pH environment and since COaqs Species have a significant impact on the catalysts’ surfaces active

site, Sn functions more as a resistance improvement against surface active site poisoning.

Table 1: Summary of performance of single fuel cell tests adopting different catalysts (90°C) [177].

At 30 mA/cm? At 60 mA/cm?
Anode Open circuit | Output | Correspond | Output | Correspondin | Maximum Current density
catalysts voltage voltage ing power | voltage g power power at maximum
(mV) (mv) density (mV) density density power density
(mA/cm?) (mA/cm?) (mW/cm?) (mA/cm?)
Pt/C 547 275 8.25 177 10.62 10.85 75.1
Pt,Pdy/C 500 285 8.55 193 11.58 11.97 75.1
Pt;W,/C 540 312 9.36 232 13.92 15.88 86.4
Pt;Ru,/C 677 461 13.83 368 22.08 28.54 120.3
Pt;Sn,/C 811 662 19.86 576 34.56 52.22 135.55
Pt;Ru,W-/C 698 503 15.09 425 25.50 38.54 142.2
Pt;Ru1Mo,/C 720 486 14.58 389 23.34 31.19 120.5

The test identifies that Pt1Sn1/C is the most suitable catalyst from those four bimetallic (PtiSn1/C >
Pt1Ru1/C > PtiW1/C > Pt;Pd1/C > Pt/C), as shown in Figure 27. Overall, the impact of Sn, Ru, and W in
addition to Pt were substantial on the Pt-based electrocatalysts' ability to catalyse the oxidation of

ethanol. The PtRu electrocatalyst had the lowest overpotential and the PtSn electrocatalyst had the

72



maximum current density. At lower overpotential values than Pt, Sn, Ru, and W can undoubtedly
generate oxygen-containing species. The oxidation of adsorbed CO-like intermediates requires these
oxygen-containing (OHags) surface species. This so-called bifunctional process explains in part why Sn,
Ru, and W have a greater impact on the electro-oxidation of ethanol. Higher Sn concentration aids in
the creation of OHa.4s at lower temperatures and speeds up the whole process. This conclusion
combined with the electrochemical results above make PtiSni exceptional for temperatures

around 90°C, and Pt3Sn; for temperatures around 60°C.
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Figure 27. Performances of single direct ethanol fuel cell with different PtSn/C catalysts as anode catalysts
at 90°C. Anode is PtSn/C with different Pt/Sn atomic ratio (1.33mgpi/cm?). Solid electrolyte is Nafion®-115
membrane. Ethanol aqueous solution is 1.0 mol/l and its flow rate is 1.0 ml/min; cathode contains Pt/C
(Johnson Matthey Co.) with 1.0 mgp;/cm?2 [177].

Pt-Sn based catalysts

Tsiakaras et al. [179], fabricated Pt and PtxSny nanocomposites deposited on Vulcan XC-72R
support, as anode electrocatalysts with Nafion-115 membrane and Pt/C 20 wt.% with 1.0 mg/cm?
metal loading as cathode electrocatalyst. Non-humidified oxygen was fed to the cathode while
1mol/l ethanol solution at flow rate of 1 mol/min was fed to the anode. According to the results,
pure Pt with 20 wt.% content and metal loading 2.0 mg/cm? anode catalyst had a low open-circuit
voltage of 0.55 V at 90°C, while significant drop was observed when the current density was
30mA/cm?with power density was 8.1 mW/cm?2. This pattern was indicative of a robust activation

control in low current densities, which is characteristic of an ethanol oxidation reaction.
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Pure Pt/C anode achieved power density of 10.8 mW/cm?, at 75 mA/cm?. It was proved
that all Pt,Sny catalysts with metal loading of 1.3 mg/cm? had open circuit voltage (OCV) above 0.7
V at 90°C. PtsSni/C and PtsSni/C had power densities of 34.6 mW/cm? and 43 mW/cm?,
respectively, at 130 mA/cm?. Also, Pt2Sn1/C had 0.81 V OCV which was as high as Pt1Sn1/C. The
maximum power density achieved was 61.2 mW/cm? at 146 mA/cm? current density. When Sn
content increased at 40 wt % i.e. when Pt3Sn,/C was employed as anode, OCV value was 0.82 V
and the cell voltage was 0.68 V (30 mA/cm?) and 0.59 V (60 mA/cm?), with peak power density of
55.8 mW/cm? at 135.6 mA/cm?. Also, a peak was observed at Sn 33 wt.% and corresponding atomic
ratio PtSn is (2:1). As a result, at 90°C, Pt,Sn1/C was demonstrated to be a more suitable anode
catalyst for direct ethanol fuel cell. Oliveira Neto et al. in 2007 Neto, et al. [180] demonstrated that
the presence of Sn contributed to the development of a more selective catalyst for ethanol
oxidation and increased the CO-tolerance of the Pt. In a more recent research, Atbas et al. [181]
worked on bimetallic PtSn electrocatalysts at 9:1, 7:3, and 5:5 Pt:Sn atomic ratios, with 10 wt.% Pt
content on carbon support. 0.5 M H,SO4 was used as an electrolyte and the anode was fed with 1
M EtOH solution. In fact, for the CO oxidation reaction the potential was close to 0.66 V for 10
wt.%Pt-Sn (9:1)/C catalyst, 0.65 V for 10 wt.%Pt-Sn (7:3)/C catalyst and 0.58 V for 10 wt.%Pt-Sn
(5:5)/C catalyst. As a matter of fact, 10 wt.%Pt-Sn (7:3)/C catalyst had the lowest onset potential

for CO oxidation and the highest anodic current during EOR.

Only high carbon dioxide yields enabled the achievement of practical DEFC efficiency
because it provided 12 electrons per each ethanol molecule which was the higher rate than any
other EOR product [182]. However, almost exclusively acetaldehyde and acetic acid were produced
when ethanol was electro-oxidized on Pt-Sn bimetallic catalysts, which resulted in a lower
efficiency for the generation of electrical energy [183]. Platinum active sites were reduced or
alcohols were less effectively adsorbed onto the Pt surface when the Sn content was too high [184].
After extensive research on the appropriate Pt:Sn ratio, the optimal ratio at 90°C was found to be

2:1 Pt3Sn1 (33 wt.% Sn).

Pt-Ru based catalysts

During the examination of the ethanol oxidation, Schmidt et al. [185] observed that Ru
partly inhibited the development of chemisorbed species derived from dissolved ethanol. The
selectivity for the formation of ethanol was observed to be higher than that for single Pt because
this promoted the oxidation route through weakly adsorbed compounds [186]. Calegaro et al.
[187] proved that Ru content of less than 20 wt.% had no effect on ethanol oxidation current and
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the maximum enhancement was observed at about 37-40% Ru concentration. This probably
happened due to the two opposite phenomena occurring in the presence of Ru; the promotion of
CO oxidation and the ethanol adsorption inhibition, which appeared to have unfavourable effects.
Optimum atomic ratio Pt:Ru was proven to be 3:2. Lima et al. in 2008 [188], fabricated Pt, PtRu
and PtRh composites deposited on Vulcan XC-72R, as anode electrocatalysts with Nafion
membrane and 20 wt.% content and 6.0 mg/cm? loading. The anode was fed with 0.5 M EtOH
solution and 0.1 M HCIO4 solution used as electrolyte. The electrochemical results showed that
materials containing Ru had lower overpotential, which suggests that CO oxidation occurred more
rapidly. This was accounted on the availability of O or OH groups for the coupling with CO species
absorbed upon Pt loading, leading to the creation of CO;. As a result of the presence of Ru, which
boosted electrocatalytic activity, a substantial amount of double layer charging current was also
found. Additionally, it was established that Ru resulted in low overpotential on CO; production and
other oxygenated intermediates, which promotes higher current densities but poor reaction
efficiency. In general, the measurements showed that PtsRu; had the best performance (37-40%

Ru content), while for over 40% Ru the current decreased.

Pt-Rh based catalysts

An identical experiment was conducted by Lima et al. [188]. The authors concluded that Rh on
bimetallic PtRh alloy was connected to an inherent electrocatalytic characteristic rather than to the
primarily supplying oxygen for CO bonding. Electrochemical results showed that PtRh exhibited
superior ethanol oxidation catalytic performance over pure Pt while it had also better performance

than PtRu at lower overpotential.

Rhodium addition generally leads to easier C-C bond breakage and increased CO; generation,
but it has no effect on raising the barrier to CO oxidation. Rh is detrimental to the electrocatalytic
activity of the binary electrodes even if the generation of CO; is proportionately larger in the presence
of Rh. This is seen by the fact that the currents of ethanol oxidation consistently fall with increasing
levels of Rh most likely as a result of the sluggish kinetics of ethanol's adsorption on Rh. Silva-Junior et
al. [189], investigated binary PtRh catalysts with Nafion membrane and 0.1 mol/dm?3 EtOH solution and
0.1 mol/dm?3 HCls over Vulcan XC-72R support, with 60 wt.% Pt metal loading. The results showed that
Pte1Rhos/C had an ethanol oxidation peak at 0.35 V and reached first peak current density at 0.82 V
followed by a reduction up to 1.03 V and after that the power density grew at 1.25 V. On the other
hand, Pt2sRh7,/C had a peak at 0.7 V and less intense current density. As a conclusion, researchers
observed that for 33 wt.% or richer content of Rh, no detectable activation current appeared.
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Later, in 2017 Wang et al. [190], synthesized a PtRu nanostructured catalyst with TiO,-C hybrid
support material. The investigated catalysts were Pt/TiO,-C, Rh/TiO,-C, Pt/C, PtsRh/C and PtsRu/TiO>-
C, with 20 wt.% Pt metal loading and 200 mg TiO;-C powders as support materials. Experiment was
carried out in 0.1 mol/l HCIO4 and 1.0 mol/l C;HsOH. In Figure 28a, it becomes clear that Rh/TiO»-C
has extremely low EOR activity. The peak current densities for PtsRu/TiO,-C, PtsRh/C, Pt/TiO,-C and
Pt/C were 1039.5, 427.2, 261.3, and 125.1 mA/mgp:, respectively. As seen, PtoRu/TiO,-C clearly
exhibited the highest catalytic activity for ethanol oxidation. Also, it was proven that PtoRu/TiO»-C
had the most negative EOR potential indicating that it had greater dynamic activity than the other
materials. Furthermore, PtsRu/TiO2-C had higher activity than PtsRh/C which means that TiO,-C
provided better catalyst support for EOR than pure C. The findings suggest that Rh and TiO> may
encourage relatively low oxidation of CO-like intermediates and assist the breaking of the C-C bond
in ethanol. All things considered, PtoRh/TiO,-C provides an appealing anode material for highly
efficient direct ethanol fuel cells. The research proved that PtsiRhog had better performance but still
worse than PtRu performance. Moreover, PtoRh/TiO; catalyst seems appealing for anode material and

had better activity than PtRh.
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Figure 28. a) The linear scan curves of the as-prepared catalysts in N,-purged 0.1 mol/L HCIO4 and 1.0 mol/L
C>HsOH agueous solution at 25°C, scan rate 2 mV/s [190] b) Comparison of the anode characteristics for the
oxidation of 1 M ethanol in 0.1 M HCIO, on PtPd/C and Pt/C electrodes at 25°C and scan rate of 25 mV/s [191].
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Pt-Ni based catalysts

The activity of Pt electrocatalysts is reported to increase with the inclusion of Ni as the second
or third ingredient. The reduction of EOR’s potential is the main benefit while also it increases the

current density [192].

Altarawneh et al. [193] synthesized a PtNi alloy with 30% mass metal and 0.4 mg/cm? metal loading at
80°C and made a comparison with pure Pt/C electrocatalyst. The membrane used was Nafion 115 and
Vulcan XC-72R as support. The electrolyte was H,SO4 at 1.0 M and the anode fed with 1 M ethanol at
flow rate of 0.2 ml/min. The electrochemical results showed that the currents at the PtNi/C anodes
were not as high as Pt/C at potentials up to 0.45 V, but were considerably lower at greater potentials
and also had similar onset potentials for ethanol oxidation, with slightly higher currents at PtNi/C up to
0.4 V. Investigators concluded that the selectivity for complete EOR to CO; - for breaking the C-C bond
of ethanol to produce CO,- was significantly better on PtNi catalysts and this led to a higher number of
exchanged electrons, resulted in an improvement of the overall process efficiency [184]. Furthermore,
they noticed that according to in situ infrared spectroscopy, the toxic effects of CO.q was much lower
at PtNi/C compared to Pt/C. Chelaghmia et al. [178], also carried out a three-electrode experiment on
PtNi catalysts with 0.1 M H,SO4 and 1 M of ethanol and concluded to the fact that the current density
of the two oxidation peaks recorded on Pt—Ni/C are higher than that on the Pt/C (1.5 times higher) as
shown in Figure 29a. The presence of Ni makes it easier for newly chemisorbed species to oxidize and

acts as an anti-poison site by accelerating CO oxidation at lower potentials.
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Figure 29. a) CVs of Pt—Ni/C and Pt/C electrocatalysts in 0.1 M H,SO, solution at a scan rate of 50 mV/s and
298 K. The inset is the CV of smooth Pt electrode in 1.0 M H,SO4 solution [178] b) CVs of the Pt/C (black

line), conventional Pt;Ni/C (blue line), and octahedral Pt,3Ni/C electrocatalyst (red line) in an Ar-saturated
0.2 M ethanol + 0.1 M HClO4 solution at a scan rate of 50 mV/s [178].
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Sulaiman et al. [194], fabricated PtNi nanocatalysts with atomic ratios 2:1 (conventional)
and 2.3:1 (octahedral) (Pt:Ni) and compared them with pure Pt/C catalyst. The electrochemical
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results came from a three-electrode experiment with 0.1 M HCIO4 electrolyte, 0.2 M C;HsOH
ethanol supply and 18 wt.% Pt metal loading. As it is obvious from Figure 29b, all catalysts have a
similar forward peak current potential around 0.9 V. The peak current density of octahedral
Pt2.3Ni/C (1.46 mA/cm?) was 2.4 and 3.7 times higher than that of conventional Pt2Ni/C (0.62
mA/cm?) and Pt/C (0.39 mA/cm?), suggesting that both the octahedral form and alloying action
would enhance the electrocatalytic action towards the EOR. Pt;3Ni/C showed the best catalytic
activity compared to the other electrocatalyst and due to its increased affinity for C, reaction

pathways, it severely decreased the challenge of CO-poisoning.

Pt-Pd based catalysts

Kadirgan et al. [191], fabricated PtPd nano-sized alloys and used Pt/C (20% ETEK) for
comparison. Electrocatalysts were prepared at 1:1 atomic ratio and 30% total metal in weight of
catalyst, while Vulcan XC-72R was used as support, 0.1 M HCIO4 as electrolyte and 1.0 M of ethanol
solution as anode feed. According to the measurements, PtPt/C showed improvement in CO-
tolerance and oxidation current densities of ethanol on Pt—Pd/C two or threefold-compared to that
of pure Pt (Pt/C ETEK). Pt/C electrode is shown in Figure 28b. The greater electrochemical surface
area and the synergistic interaction between Pt and Pd were considered to be responsible for the
significant increment in the catalytic activity for ethanol oxidation compared to Pt/C. These effects
may be interpreted as electronic effects where the presence of Pd resulted in a change in the
electronic density of state of platinum, weakening the CO-Pt bond or increasing the overall reaction

rate by reducing electrode poisoning.

Another research on PtPd electrocatalysts was made by Zheng et al. [195], who fabricated PtPd
nanocubes (NCs) deposited on reduced graphene oxide (RGO) support, with atomic ratio 1:5 (Pt1Pds).
The electrolyte used was 0.5 M H,SO4 with 0.5 M EtOH. The RGO-supported alloy hybrid showed
superior EOR activity with specific activity of 2.31 mA/cm? at 0.6 V, which was comparable to (or better
than) the state-of-the-art Pt-based EOR catalysts as seen in Table 2 in acid solution. Moreover, these
catalysts had high CO-tolerance without current decay during steady-state polarization at 0.6 V. With
just 8.9% loss of electrochemical surface area (ECSA) after 10,000 cycles of voltametric testing, their

longevity was impressive.
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Table 2. Comparison of EOR performance in acidic media for RGO-supported PtPd NCs with recently
reported literature [195]

Samples Electrolyte Scan rate (mV/s) Specific activity Mass activity
(mA/cm?)
PtPd NPs 0.5 M H2S04+ 0.5 M 50 1.12 0.49 A/mgpt
C2HsOH
PtiPds NC/RGO 0.5 M H2SO4+0.5M 50 231 1.08 A/mgpt
C2HsOH

Liu et al. [196], investigated PtPd alloy foam films with Nafion membrane, in 0.5 M H,SO4
electrolyte and 0.5 M C;HsOH ethanol supply. The results indicate that all PtPd alloy foams show
increased catalytic activity towards ethanol oxidation when compared to the pure porous Pt film
electrode, as shown in Figure 30. Pt1Pd; performed the best among the foam electrodes, offering peak
current densities (about 0.3 V) and sustained current densities (around 0.1V) that were almost 2.5

times greater than those on the porous Pt film.
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Figure 30. a) Linear sweep voltammetry (from the third cycle of CVs) at 50 mV s-t and b) chronoamperometric
curves at 0.1 V for the prepared foam films as denoted in 0.5 M H,SO, + 0.5 M ethanol [196].

4.2.1.3 Platinum Trimetallic (Ternary) Alloys

Pt-Ru based catalysts

The leaching of the less noble metal from the alloy surface is one of the main issues with
bimetallic platinum alloy-based catalysts in an acidic environment. The insertion of another
metallic element can eliminate a situation like this [197]. It has been proved that Pt catalysts with
Ru addition provide a good performance on ethanol oxidation however; further research shows

that the addition of another metal to PtRu/C catalysts offers better results, facilitating the breaking
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of the C-C bond. In 2003, Tsiakaras et al. [198], studied the effect of ethanol oxidation on many Pt
based catalysts, binary and ternary. Trimetallic Pt-based catalysts were, PtRuMo/C and PtRuW/C
at 90 °C using as solid electrolyte Nafion 115 membrane, providing on the anode 1.0 mol/| of
ethanol aqueous solution while the catalyst used on cathode was Pt/C of 1 mgPt/cm?. For
PtRuW/C, an OCV of 698 mV was achieved, using a current density at 60 mA/cm?, the output
voltage (OV) was 425 mV, and the maximum power density reached was 38.54 mW/cm? at 142
mA/cm? with OV at 680 mV. As for PtRuMo, it was achieved an OCV of 720 mV, with an OV of 389
mV at current density 60 mA/cm?, while the maximum power density reached was 31.10 mW/cm?
at 120.5 mA/cm? providing an OV of 570 mV. According to the results, both W and Mo enhanced
the cell performance. However, PtRuW showed better activity than PtRuMo. Tanaka et al. [199],
using a co-shuttering method that puts an Au layer on Pt based bimetallic and ternary catalysts,
proved that PtRuW/C achieved higher performance than bi-metallic catalysts, achieving a
stabilization at around 30 minutes of operation and on the 35% of the starting value. In 2006,
Guanchun Li and Pickup [200], investigated the effect of Pb on a PtRu/C catalyst, at low potential
of 0.5 V PtRuPb/C the highest catalytic activity was achieved, which was similar and a bit lower to
PtSn/C, comparing with PtRu, PtPb and Pt catalyst. On higher potential over 0.5 V the performance
of PtRuPb/C was poor, around 2 mA/cm? at 0.8 V. An important fact is that this catalyst showed
the highest current density 0.7 mA/cm? at 30 minutes of operation, compared with PtM-(M=Sn,
Ru, Pb) and Pt catalysts. Spinacé et al. [201] also hosted an experiment of ethanol electro-oxidation
by PtSn/C, PtRh/C, and PtSnRh/C catalysts containing 20 wt.% metal loading. They observed an
increase in catalytic activity in the ternary catalyst PtSnRh/C with atomic ratio 50:40:10 which
demonstrated that the addition of Rh as a third element enhanced the catalytic activity of ethanol
oxidation. E.M.Cunha et al. [202] prepared a PtRuSn catalyst using the Pechini method, which
refers to the decomposition of polymeric precursor (DPP), prepared a PtRuSn catalyst. The
temperature of the carbon treatment was 400°C under N;. The results showed that this method is
very capable of easily and successfully preparing catalysts. The addition of Ru and Sn increased
ethanol oxidation and the onset potential was measured at 0.2 V, while the highest performance
was measured was 48 mA/mgpt at 1.0 V. PtosRuo.1Sno.1 proved to have the highest electrocatalytic
activity compared with other ratios of the same catalyst and also PtSn, PtRu and Pt in hydrogen

atmosphere.

Jarupuk et al. [203] constructed a PtRuSn catalyst in a nonionic surfactant’s lyotropic liquid phase in an

agueous environment. Gonzalo Garcia et al. [204] investigated PtRuMo/C catalysts. The results showed
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that active sites are replaced in a fast way, such that more acetaldehyde and acetic acid was produced,
which were responsible for higher ethanol oxidation. The loading of PtRu was 30% supported on Vulcan
XC 72R, using the colloidal method, and Mo’s load on the PtRu was, 0, 1 and 3 wt.%. The catalytic
activity, comparing the 3 different Mo loadings, was respectively: 0% similar to 1% < 3%. Nobuyoshi
Nakagawa et al. [205], followed an impregnation method to prepare a PtRuRh/C using the nitrates of
Pt, Ruand Rh and exposed it to a mixed H, 15% and N, 85% environment, generating an overall current
three times higher than PtRu/C and Pt/C. Furthermore, the durability and the onset potential of PtRuRh
were also higher than the other two catalysts. The addition of Rh to PtRu had an obvious positive
impact on ethanol oxidation, that was proved by comparing the current densities at 1 V. It appeared
to be 1.5 times higher than PtRu and pure Pt. At very low potentials (< 0.3 V), PtRuMo/C catalysts
displayed a high CO tolerance, and there was little to no CO poisoning of the Pt and Ru surfaces.
Additionally, Antolini et al. [206] reported that hydrogen spillover effect was responsible for the high

ethanol oxidation on PtRuN:i.

In 2020, Choudhary et al. [207] conducted a research on Pt electrocatalysts doped with
rhenium (Re) on functionalized multi-walled carbon nanotubes (f-MWCNT) for the
electrooxidation of ethanol in a single DEFC and a half cell in acidic medium. Carbon nanotubes
(CNTs) as an electrocatalyst support material have recently attracted significant attention in low-
temperature fuel cell applications due to their unique properties, such as crystalline structures
with high electrical conductivity, excellent chemical and electrochemical stability, and large specific
surface area, when compared to conventional carbon black powder [207]. In this experiment
(carried out at 80°C) Nafion 117 used as polymer electrolyte membrane. CVs measurements were
recorded in 2 M ethanol mixed with 0.5 M HCIO4and electrocatalysts loading at 1 mg/cm?and they

are displayed in Table 3.

Table 3. Summary of electrocatalytic performance of electrocatalysts towards ethanol electrooxidation
(Es: forward oxidation peak potential, I: forward current density, E,: backward oxidation peak potential,
l: backward current density) [207].

Electrocatalysts Onset potential (V) Er (V) lf(mA/cm?) Eb (V) I (mA/cm?)
Pt-Ru (1:1)/f-MWCNT 0.30 0.794 48.76 0.610 35.665
Pt-Re(1:1)/f-MWCNT 0.28 0.798 23.60 0.598 16.234
Pt-Ru-Re(1:1:1)/f-MWCNT 0.15 0.8082 65.460 0.5128 41.791
Pt-Ru-Re(1:1:0.5)/f-MWCNT 0.10 0.7814 83.34 0.5592 65.53
Pt-Ru-Re(1:1:0.25)/f-MWCNT 0.25 0.7849 57.94 0.570 38.96
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In the trimetallic electrocatalyst Pt-Ru-Re (1:1:0.5)/f-MWCNT, the addition of rhenium (Re)
dramatically lowered the onset potential by 0.2 V and raised the current density at 83.34mA/cm?
which was the highest peak. Due to the synergistic effects of components and the good conductive
f-MWCNT support, Pt-RuRe (1:1:0.5)/f-MWCNT electrocatalysts had the highest electrocatalytic
activity among produced electrocatalysts. The single cell experiment was hosted with 0.5 M H;S04
and the anode was fed with 2 M ethanol at flow rate of 1.2 ml/min, with 40 wt.% Pt on the catalysts
and 1.0 mg/cm? metal loading. The cathode was fed with humidified oxygen at flow rate of 60
ml/min. The results (Table 4), indicate that when using trimetallic Pt-RuRe (1:1:0.5)/f-MWCNT
electrocatalysts as anode, it improves the DEFC cell performance compared to bimetallic Pt-Re
(1:1)/f-MWCNT, Pt-Ru (1:1)/f-MWCNT and other trimetallic Pt-Ru-Re(1:1:0.25)/f-MWCNT and Pt-
Ru-Re(1:1:1)/f-MWCNT electrocatalysts. Pt-Ru-Re (1:1:0.5)/f-MWCNT had the maximum power
density of 9.52 mW/cm? at a current density of 38.4 mA/cm?. The appropriate amount of Re
increased significantly the cells’ performance, activity, and durability while the higher percentage
stopped intermediates from being further oxidized, which had a negative impact on how well the
cell was functioning. Further information provided for temperature operation of DEFC at 80°C,
showed that Pt-Ru-Re (1:1:0.5)/f-MWCNT achieved OCV 0.744 V, maximum power density of 23.2

mW/cm? and current density at maximum power density of 83.34 mA/cm?.

Table 4. Summary of performance of different anode electrocatalysts in single cell DEFC tests for 2 M
ethanol at a cell temperature of 30°C [207]

Anode electrocatalyst ocV (V) Maximtzzvp\);::/v;g)Density Current density a(tn:wAa/fnr:zl;m power density
Pt-Re (1:1)/f-MWCNT 0.542 4.74 22.56
Pt-Ru (1:1)/f-MWCNT 0.683 7.48 30.40
Pt-Ru-Re (1:1:1)/f-MWCNT 0.70 8.8 35.20
Pt-Ru-Re (1:1:0.5)/f-MWCNT 0.708 9.52 38.40
Pt-Ru-Re (1:1:0.25)/f-MWCNT 0.688 8.13 33.60

Pt-Sn based catalysts

Spinacé et al. [208] prepared PtSnNi/C of 50:40:10 atomic ratio using an alcohol reduction method
[209]. The performance of this catalyst was higher than PtSn/C for values between 0.1-0.9 V, while
stability was also higher than PtSn/C throughout the potential range, which was attributed to the
presence of tin and SnO,. Beyhan et al. [210] used the Bonnemann method to observe PtSnNi/C.
The addition of Ni aided on the break of C-C bond while it also changed the lattice of the total
catalyst which favored higher activity and current density values. PtSnNi/C and PtSn/C performed

giving a much higher current density than PtNi/C and Pt/C and ethanol oxidation begun at around
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0.2 V. The OCV was 760 mV, while the current density of 159.6 mA/cm? with a power density of 47
mW/cm?. Almeida et al. [211], confirmed that Ni addition on the catalyst is beneficial for ethanol
oxidation comparing many PtSnM catalysts such as, M=Ni, Ru, Rh, Pd, W using the decomposition
of polymeric precursor method. Among all the catalysts, PtSnNi achieved promising overall
performance. It had the highest mass activity current at 3.5 A/gp: while for the others it was under
0.8 A/gpt, and the highest power density at 46 mW/cm? while, besides Pts,SnogNiii, PtSn was
greater than all the other ternary metals as it is shown in Figure 31a. On the other hand, PtSnRu
presented the highest lifetime of 35 h, which was probably caused due to Ru oxides formations,

while PtSnNi lasted 25h. The worst durability was on PtSnW which lasted 10 min.
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Figure 31. a) Power density vs Current density [211], at Teemrc = 80°C, for PtSnM (M=Pd,Ru,Ni,Rh,W) in different
atomic ratios, at 1 M ethanol, O, pressure at 3 bar, cathode: PtsSn E-TEK 2 mgp: cm™?, electrolyte: Nafion 117
membrane. b) Representation of polarization curves [212], for different atomic ratios of PtSn and PtSnRu.
Preparation of catalyst was at 110°C, pressure 3 atm O, 1 M of Ethanol Solution. Cathode catalyst was Pt/C. (0)
PtSn/C 1:1, (A) PtSnRu 1:1;1, (o) PtSnRu 1:1:0.3, (V) PtRu/C E-TEK 1:1, () Pt/C E-TEK [211, 212].

Rousseau et al. [212] studied the effect of Ru on PtSn using the Bonnemann method. Stability was
at a very good level as it remained steady at around 0.6V for 230 min. The addition of Ru offered
higher performance and activity values than pure PtSn, while the remarkable point is that
production of acetic acid increased opposite to CO; and AAl where the formation decreased.
Antolini et al. [213] employed the method of formic acid to reduce metallic precursors. In three
examinations at room temperature, 40°C and 90°C, PtSnRu/C (1:1:0.3) achieved the highest activity
and this result was attributed to the reaction of Sn with Ru oxides as well as to the small particle

sizes. The results of different ratios of PtSnRu and PtSn are shown in Figure 31b.
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Figure 32. a) Presentation of cyclic voltammetry normalized by Pt loading, (dot line) PtssSnolr,s, (grey dashed
line) PtsoSnslra, only anodic curve, for different ratios of PtSnir and PtSn on 40% of metal loading on,
0.5mol/dm?3 H,S04, 1 mol/dm3 Ethanol electrolyte at 20 mV/s. b) Power density curve of PtSnCe and PtSn
using 2 wt.% metal loading, and 20 wt.%, 1mgp/cm? cathode Pt/C E-TEK, electrolyte: Nafion® 117
membrane, 2 M ethanol supply and 2 mL/s flux [214, 215].

In 2007, Ribeiro et al [214], investigated the effect of PtSnir/C catalyst. The addition of Ir to this catalyst
resulted in better electrocatalytic activity than Pt/C. Figure 32a shows the onset potentials for different
PtSnlir catalysts, where the best performances were achieved at small ratios of Sn 8-9 %, while the
different values of Ir ratio didn’t show much effect on the performance. Ribeiro et al. [216] studied the
effect of PtSnW following the Pechini method which refers to the decomposition of precursor (DPP).
Operation temperature was at 90°C where the onset potential started around 0.2 V, and a legand effect
seems to be the main cause for this activation potential. Elson A.de Souza et al. [217] studied the
PtSnRh/C catalyst in different ratios. The oxidation onset potential was lower than PtSn and higher than
PtRh, PtRh< PtSnRh< PtSn. The best ratio of Rh ratio proved to be a PtosSno.sRho performing a peak
potential at 1.0 V around 70 mA/cm?. CO; was produced mostly on PtSnRh, which seems to be the
result of the addition of Rh which promoted C-C breaking bond giving an anodic route to CO formation,
while Sn assisted the ethanol oxidation. Comparing the ratio of CO,/CH3COOH vs potential, PtSnRh
showed a value of 0 to 0.3 on a scale of 0 to 0.9 V, where the peak ratio was 0.3 at around 0.7 V.
Corradini et al. [218] showed that PtSnPr/C accelerated mass activity and stability, compared to the
PtPr catalyst. The increase of these values was due to either the increased active area or specific
activity. Souza et al. [215] using a polymeric precursor preparation proved that, Ce addition on PtSn
had a remarkable performance and CO absorption. The best ratio was PtSnCe (68:22:10) where CO
presence was reduced by 50% compared to PtSn, while it also fully oxidized CO at around 0.6 V. Peak
power density reached the 43 mW/cm? (Figure 32b). This catalyst was producing 4 electrons and
mostly acetic acid in comparison with the common catalysts that produce 2 electrons and mostly

acetaldehyde. Juliana M.Jacob et al. [219] using a formic acid preparation for PtSnCe, showed that
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ethanol oxidation occurred in two separate ways depending on the Ce/Sn factor which fell between
0.2and 0.9.

J. Ribeiro and M. Ribeiro [220] constructed and compared PtSnTa. The addition of Ta increased the
ethanol oxidation values more than pure Pt as Ta gave more oxygen that promotes EOR, which further
supported the creation of new active sites that enhanced catalytic activity. PtSnTa lasted about 5 min on
the high current value around 18 A/gp: while in the it steadily dropped at 6 A/gpt. in the next 2 h. The onset
potential reached 1.17 V at 2 M of ethanol and 0.5 M H,SO4 which is a good value compared with the
ethanol oxidation potential around 1.15 V, while the peak power density was about 27 mW/cm?. J.Perez
et al. [221], observed that PtSnLa/C, which belongs to the rare Earth materials, prepared with polyol
method had similar characteristics with PtSn/C. The CO oxidation was better than Pt/C which implying
that La promoted oxidation procedure. Comparing power densities, PtSnLa didn’t achieve a high value of
10 mW/cm? but it was higher than pure Pt. Catalytic activity was also higher than Pt after 2800 s, Pt/C
current reached close to zero, while PtSnLa remained steady at 0.5 mA/cm?. The products were mostly
AA and AL and a bare amount of CO,. EungjeLee et al. [222] synthesized PtSnMo on 60% of carbon
support. Cyclic voltammetry showed that PtSnMos had the highest mass activity of 80 A/gp: while the
onset potential was at 0.2 V compared to the PtSnMoo4, PtSn and Pt. Regarding the stability, PtSnMoos
had a significantly better single cell performance on applied potential of 0.5V in 0.5 M of H;SOsand 1 M
of ethanol at temperatures of 65°C and 90°C, while the peak power density reached the highest value of
all catalysts at 25.7 W/cm? at 90°C. RubénRizo et al. [223] tested a PtSnCo nanocube with atomic ratio
(48:51:1). Ethanol oxidation PtSnCo started at a low potential of 0.3 V that was lower than that of the
PtSn nanocube. Chronoamperometry measurements showed that it can handle CO poisoning, where at
0.5V of applied potential, there was an in initial drop in the first 300 s which remained steady at a current

density of 30 mA/mgpt, a value that was superior compared to the Pt’s current density.

4.2.1.4 Platinum oxide-based catalysts

An unconventional proposal on anode catalysts for direct ethanol fuel cells in acidic medium was
made by Suffredini et al. Suffredini, et al. [224], introducing for the first time deposition of lead oxide-
based catalyst on carbon powder. The anodes employed in this study contained Pt, Ru, Ir and Pd and
carbon with 10% of catalyst loading, all compared to Pt/C commercial catalyst. Nafion was used as
membrane, H2SO4 as support electrolyte 0.5 mol/l and ethanol feed at 1.0 mol/l. The alloys had the
following mass ratios: Pt:Ru (50:50), Pt:Ir (50:50), Pt:Pb (50:50), Pt:Ru:Ir (50:25:25), Pt:Ru:Pb (50:25:25).
Electrochemical results showed that, in the presence of ethanol, current densities were higher for Pt-
PbOy/C, Pt-(RuO2-Ir0;)/C (178mV) and Pt-(RuO,-PbOy)/C (155 mV) which indicated good performance to
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promote EOR, while Pt-(IrO,-PbOx)/C (467 mV) had the lowest value. Furthermore, it was observed that
EOR has onset potentials around 150-200mV in all catalysts except for Pt-(IrO.-PbOx) whose onset
potential reached 500mV. Therefore, it appeared that IrO, and PbOyx do not operate effectively
combined, as evidenced by the non-synergic behaviour of the catalytic activity for ethanol oxidation. The
catalysts Pt-(RuO2-PbOx), Pt-(RuO2-IrO;), Pt-PbO«/C, Pt-RuO,/C and Pt-IrO; exhibited significantly
enhanced catalytic activity for the ethanol oxidation (determined by increased current activity and
decreased positive reaction onset potentials) relative to the observations on a Pt commercial catalyst. In
fact, the preparation of materials with high catalytic activity for direct ethanol fuel cell systems with the
addition the metallic oxides to Pt, proved to be a highly intriguing method. Hence, the use of this
lead oxides combination (PbOy) highlights the necessity of their use in the research on alcohols’ oxidation,
as the catalyst containing lead oxide demonstrated the greatest performance among the binary catalysts.
The final rating for EOR catalytic activity was: Pt-(RuO2-PbOx)/C = Pt-(RuO,-IrO;)/C > Pt-PbO,/C > Pt-IrO,/C
> Pt-RuQ2/C > Pt-(IrO2-PbQy)/C > Pt/C. It has been shown by Li et al. [225] that, using ternary PtRhSnO,/C
electrocatalysts with atomic ratio Pt:Rh:Sn=3:1:4, created by depositing Pt and Rh atoms on carbon-
supported tin oxide nanoparticles, may cause EtOH to be immediately converted into CO; in an acidic
medium. Furthermore, according to Comignani et al. Comignani, et al. [226], on the investigation of NiO
oxide, the results of CO stripping studies showed that the removal of CO on Pt-NiO/C electrodes is
substantially simpler than that on Pt/C catalyst, indicating that the bifunctional process is facilitated by

the proximity of Pt and NiO particles.

Zignani et al. [227] investigated the behavior of metal oxides TiO; and SnO;, on the PtRu catalyst.
TiO2at a 50% percent loading on the PtRu showed three times higher electrochemical ethanol oxidation
than pure PtRu. Almeida et al. [228], recently reported that the use of iron oxides, as support, exhibit
exceptional activity during the oxidation of ethanol, indicating that transition metal oxides might be a
feasible substitute for oxidizing fuels. The measurements showed that y-Fe,0s-C had exceptional effect
on Pt an PtSn catalysts. These oxides are inexpensive in comparison to other metal oxides, and they have

high surface, electropositivity and porosity which are excellent physiochemical properties [228].

The best performances have been given by Pt-(RuO>-PbOx)/C and PtRhSnO,/C (with atomic ratio
Pt:Rh:Sn=3:1:4), while TiO, and y-Fe,0s-C also had significant impact on the catalyst’s activity towards
ethanol oxidation. For the second catalyst it was proven that the capacity to cleave the C-C bond in
ethanol at room temperature as well as the lowest positive reaction initiation potential are two of its
main characteristics. A reduction in activity was caused by both an excessively low and high tin
concentration.
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4.2.1.5 Other PGM-based catalysts

Ir-Sn based catalysts

Pt and Ir have comparable features including sharing the same period and block (6d) of the
periodic table, the same fcc crystal structure, and similar masses and atomic sizes. Iridium, however, costs
around 60% less than platinum, making it a suitable substitute for Pt as a catalyst in fuel cells and is also
resistant to decomposition in acidic media [229]. Cao et al. [230] fabricated IrsSn/C and Ir/C catalysts
comparing their electrocatalytic activities with Pt/C and Pt3Sn/C in a single cell test at 90°C. 1 M ethanol
was prepared and Nafion 115 was used as polymer electrolyte membrane. Anode contained 20 wt.%
Ir/C, Ir3Sn/C, Pt3Sn/C or Pt/C electrocatalyst while the metal loading was of 1.5 mg/cm? and fed with 1 M
EtOH solution. Cathode contained 40 wt.% Pt/ C electrocatalyst with a Pt loading of 1.0 mg/cm? and was
fed with dry oxygen of 0.2 MPa. Figure 33a depicts that, when Ir/C was used as the anode catalyst for
DEFC, the OCV is around 0.77 V, which is significantly higher than the OCV when Pt/C was used as the
anode catalyst and showed that Ir/C has better catalytic activity. Tin was added to Ir/C to accelerate the
OCV to around 0.82 V, which was about the same as that of Pt3Sn/C. Additionally, it was observed that
the Ir3Sn/C cell performed better than the Pt3Sn/C cell when the current is low, namely in the activation
area. Although the performance of Pt3Sn/C started to outperform IrsSn/C when the current value was

increased, the two catalysts' overall performances were equivalent.
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Figure 33. a) Polarization curves of a direct ethanol fuel cell employing Ir/C, IrsSn/C, PtsSn/C and Pt/C as the
anode catalyst, respectively. Anode fuel feeding: 1 M ethanol at 1 ml/min, cell temperature 90°C, Pcathode=
2 bar, 1.5 mg/cm? precious metal loading of anode catalysts, 1 mg/cm? Pt cathode catalyst (Pt/C-40% from
Johnson Matthey). The currents in this Figure were normalized to the geometric area of the single cell b)
Linear sweep voltammograms of ethanol oxidation on Ir/C, Pt/C, IrsSn/C and Pt3Sn/C catalysts in 0.5 M
H,S04 with 1 M ethanol at room temperature with a scan rate of 10 mV/s [231].

Furthermore, Ir3Sn/C is most active towards ethanol oxidation as shown in Figure 33b. Measurements
revealed that Ir-based catalysts had stronger anodic catalytic activity than Pt-based catalysts, at low
potential regions. Ir3Sn/C demonstrated overall performance that was equivalent to Pt3Sn/C, making it

a suitable substitute for the anode catalyst in direct ethanol fuel cells.
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Ir-Pb based catalysts

In a recent report, Zhang et al. [232], reported a new class of porous IrsPb nanodendrites
(NDs) alloyed with Au traces. The carbon supported samples were denoted as ND-IrsPbAuo.01/C,
ND-Ir3sPbAug.os/C and ND-Ir3sPbAuo1/C, respectively. The compared electrocatalysts were ND-
IrsPbAug.os/C, ND-Ir3Pb/C, NP-IrsPb/C, Ir/C and Pt/C-JM. The results showed that compared to Ir/C,
Pt/C-JM, and other previously reported EOR electrocatalysts, the porous IrsPb-NDs performed as
a very effective EOR catalyst with improved catalytic activity, CO; selectivity, and durability.
Interestingly, alloying with Au considerably improved the electrocatalytic performance of porous
IrsPb NDs for the EOR, particularly the CO; selectivity and durability with the best performance
achieved by ND-IrsPbAugos/C.

In conclusion, Ir is a very promising alternative metal for non-platinum materials with
performances higher that Pt while the bimetallic IrsSn/C has shown similar performance with Pt3Sn/C but
it was more active towards ethanol oxidation. Furthermore, porous IrsPb-NDs also improved catalytic

activity, CO; selectivity, and durability with best performance achieved by ND-IrsPbAugos/C.

Ir-Ru based catalysts

Du et al. [233], investigated carbon supported Ir-Ru nanoparticles. Ire7Russ/C, Ir;7Ru23/C, IrgiRus/C
were compared with pure Ir/C and Pt/C (ETEK, 20%) catalysts in an electrolyte containing 0.5 M
H2S04 and 0.5 M ethanol. The results showed that Ir;7Ru,3/C had superior performance towards

EOR at a constant voltage of 0.2 V as shown in Figure 34.
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Figure 34. Polarization curves and of Ir-Ru/C in comparison with Ir/C and Pt/C (ETEK) at a potential of 0.2 V
in 0.5 M H2504 and 0.5 M ethanol solutions [233].
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Furthermore, Ir77Ru23/C had a higher current density, indicating better electroactivity of Ir77Ru23/C
towards dissociation of ethanol compared to Pt/C. Du et al. also concluded that C-C bond breaking
was easier (lower reaction barrier) over the Ir-Ru alloy surface, supporting their experimental

results that alloying Ru with Ir leads to a better and promising catalyst for DEFC application.

4.2.1.6 Non-Precious Catalysts

In the direction of reducing the cost of electrocatalysts used in DE-PEMFCs, significant
efforts have been made to prepare effective non-precious-metal-based suitable anodic catalysts.
Yang et al. [234] introduced metal-organic frameworks (MOFs), that possess various pore sizes and
surface areas. At the same time, by modifying their surface properties with a range of organic
compounds, the channel surface provided special functionalities as well as unique catalytic sites
for chemical reactions. The MOF material N,N’-bis(2-hydroxyethyl)dithiooxamidatocopper(ll)
[(HOCzH4)2dtoaCu] is a two-dimensional framework composed of dimeric Cu units and bridging
ligands (HOC2Ha4)2dtoa? and it appeared to be a good proton and electron conductor. Yang and his
colleagues evaluated [(HOC;H4).dtoaCu] catalytic activity in acidic media by cyclic voltammetry.
The electrolyte solution was 0.5 M H,SO4. The measurements, presented in Figure 35, proved that,
when ethanol was added to the electrolyte, the positive scan revealed a significant increase in the

oxidative current density occurring at peak | and peak Il.

To determine the oxidation products, gas chromatography analysis was conducted which revealed
that only 6.8% acetaldehyde was detected as an oxidation product within 20 minutes while no
acetic acid was found. These results, proved that the catalytic electrooxidation of ethanol by the
oxidized [(HOCzH4)2dtoaCu] species is responsible for the increase in the oxidative current of peak
| while at the same time, at peak Il a considerable amount of acetaldehyde was detected. The
material's ability to electrooxidize ethanol proved to depend on ethanol’s concentration. The
current density at peaks | and Il raised consistently as the ethanol content increased. According to
the results of this experiment, even if ethanol only partially oxidized to acetaldehyde under the
given circumstances, the performance in terms of oxidation potential and current density was

comparable to Pt-based catalysts and they are very promising with the addition of an oxide.
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Figure 35. Cyclic voltammograms of a glassy carbon electrode coated with [(HOC;H,4),dtoaCu] in 0.5 M H,SO4
containing different concentrations of ethanol (black 0.0, blue 0.5, green 1.0, red 2.0 M ethanol). Sweep
rate=100 mV/s [234].

In a very recent study, Rohani et al. [235] modified a glassy carbon electrode by cobalt nanoparticles
stuck to the activated carbon (CoNP/AC/GCE) for ethanol oxidation. Anode was fed with 0.2 mM EtOH
and the electrolyte used was 0.05 M H;SO4. As perceived from curve i (Figure 36a), the unmodified
electrode did not show any electrochemical activity in the ethanol-free solution at the applied potential
range. However, as curve ii shows, the modified electrode in the sulfuric acid electrolyte represented
respectively the redox peak at 560 and 240 mV which were related to the oxidation and reduction of
the cobalt existing at the modified electrode. The anodic potential changed to more positive values as
the scan rate rose, in line with the anode peak current (Figure 36b). The selectivity for the oxidation of
ethanol was improved, and the overpotential of ethanol electrooxidation on the surface of the
modified electrode was greatly reduced. The results validated the usefulness of the modified electrode

CoNP/AC/GCE as a straightforward and inexpensive tool for the DE-PEMFCs.

a) 15 b)
» .
— modified electrode inethanol v ‘ .o.".‘::g -~

modified electrode iii 20 <ui -
10{ —— unmodified electrode

I/pA

04 02 00 02 04 06 08 , ‘ ‘
04 02 00 02 04 08 08
E
N E/N

Figure 36. a) cyclic voltammograms of (i) unmodified glassy carbon electrode in electrolyte solution and 0.1
mM of ethanol, (ii) modified glassy carbon electrode in electrolyte solution, (iii) modified glassy carbon
electrode in electrolyte solution and 0.1 mM of ethanol. All in potential scan rate of 30 mV/s b) cyclic
voltammograms of CoNP/AC/GCE in sulfuric acid solution (0.05 M) containing 0.2 mM of ethanol at different
scan rates (10-90 mV/s) [235].
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4.2.2 Cathode materials

The performance of the fuel cell is strongly affected on the cathode by the oxygen reduction
reaction, measuring the ethanol crossover rate and the parasitic current density. Parasitic current
density occurs due to ethanol crossover from the anode to the cathode and results in performance
losses. Particularly, ethanol and oxygen share the same active sites when crossover occurs, and as
a result, ethanol is oxidized on the active sites that oxygen would be reduced if it was alone. The
presence of ethanol on the cathode leads to the increase of the total overpotential named as ideal
overpotential which is the subtotal of the overpotential of the ORR plus the overpotential due to

ethanol crossover and EOR.

Over the last decades, DE-PEMFC that use Pt based catalysts are mostly used [236].
Moreover, other materials such as Pt-free catalysts have been studied in order to avoid the use of
noble metals in the future. Tsiakaras et al. [198] investigated the efficiency of a commercial 20
wt.% Pt/C, catalyst on the cathode while PtRu was in the anode which was compared with a model-
based parametric analysis that took place in 2008 [163] using a Nafion 115 membrane. The results
of the model showed that between values ranging from 0.25 mol/L to 4 mol/L of ethanol feeding,
the best performance was at 1 mol/L, providing a maximum current density around 19 mW/cm?
while, the maximum power density loss was only 8.24%. Antolini et al. [237] studied the behavior
of a PtCo/C (3:1) catalyst compared with a typical Pt/C, on a variable overpotential from 0.1 V to
0.9V at 60°C and 90°C using O; at 3 atm pressure. The focus was between 0.7 V—0.9 V where both
catalysts showed almost the same performance, around 0.18 A/cm?2. However, it was observed
that measuring the current density in terms of specific activity (SA), in A/mgp: — while its numerical
value is in A/cm?-, some differences appeared on the performance. As shown in Figure 37b, PtCo/C
performed better throughout all temperatures between 60°C and 100°C, with the best

performance at 100°C, where the maximum power density was 16 mW/cm? and the current

density was 0.135 A/cm? (Figure 37a).
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Figure 37. a) Polarization curves for single PEMFC showing ORR, for Pt/C and PtCo/C as cathode catalysts at 1
mget/cm; loading, at 60°C, at 3a tm O,, at 1 mol/L ethanol solution, anode catalyst Pt/C 20 wt.% and loading of 1
mgpi/cm2. b) Power density of Pt/C and PtCo/C diagram at temperatures 60°C, 80°C, 90°C, 100°C [237].

Lopes et al. [238] prepared a PtPd/C cathode catalyst, proving that the binary PtPd offers better
oxygen reduction than pure Pt. In the absence of ethanol, the activity of PtPd was slightly better
than that of Pt, producing a power density of 7 mW/cm? while oxygen reduction began at 60°C and
90°C and onset potential of 0.44 V and 0.48 V respectively (Figure 38b). The improvement at 90°C
is attributed to the durability of the catalyst on ethanol poisoning while at 60°C the performance
difference is less as ethanol crossover is not strong enough. Esfandiari et al. [239] showed that
addition of Ag to commercial Pt/C enhanced the performance of the ORR. Different ratios of PtAg/C
were compared with Pt/C and the trials proved to be Ag@Pt/C (1:3), had an ECSA of 67.9 m?/gp:
with an OCV at 712 mV vs Ag/AgCl reference electrode higher than that of Pt/C, while CV diagrams
showed that adsorption of hydrogen peaked at -0.2 V to 0 V. The overall performance of the fuel
cell was higher than Ag@Pt/C (1:3) catalyst on the cathode with 470 mW/cm?2. Ma et al. [240]
synthesized carbon based catalysts, C/Fe-TMPP and C/Fe-Pc and tested them on 2 M of ethanol
and 0.5 M H;SO4 at 80°C, on PtRu/C anode catalyst. Power density indicated higher power
densities for both catalysts compared to commercial Pt/C, 10.9 mW/cm? for C/Fe-TMPP at 0.6 V
and 6.7 mW/cm? for C/Fe-Pc at 0.35 V. Yu-ChenWei et al. [241] used Co as additive to Pd/C with

atomic ratio, PdCo/C (3:1) and metal loading at 19.4%.

Luigi Osmieri et al. [242] tested the effect of Fe-N/C on carbon support materials. Four supports
were used for the experiment, MWCNT, MPS, AB and CNS. In the occasion of MPS, two catalysts
were prepared, Fe-N/MPC1 and Fe-N/MPC2, where the difference between them was that Fe-
N/MPC2, was taken under pyrolysis treatment for a second time. All the catalysts had a C loading
of over 91.9%. The four carbon-based were compared with each other and with Pt/C anodic and
cathodic scan. Despite the fact that the anodic scan of Pt had higher onset potential, the cathodic
scan presented a better reduction curve as it can be seen in Figure 38a, from a Linear sweep
voltammetry (LSV), with 0.5 M H,S04 solution. Pt/C on cathodic scan had an onset potential at 0.87
V while from all the others catalysts Fe-N/MPC2 achieved an onset potential at 0.82 V which had
0.1V higher than Fe-N/CNT. Salomé et al. [243], showed that carbon supported PdSn, when it was
heat treated , showed increased ethanol tolerance. Three PdSn catalysts were compared
depending on the duration of heat treatment. For PdSn-2H and PdSn-2H heat treatment took

respectively 2 and 3 hours. Polarization curves in the absence and presence of ethanol are depicted
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in Figure 38c. Both catalysts performed better in the absence of ethanol as ethanol was taking the

active site where oxygen could be placed and reduced.
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Figure 38. a) Linear sweep voltammetry, 0.5 M H,SO,, five carbon based Fe-N/C and one Pt/C 20% loading
(anodic and cathodic), at 900 rpm and O, with RH=100%. b) Linear sweep voltammetry using 1 M ethanol,
for Pt/C and PtPd/C cathode catalysts, on Pt-Ru/C anode 1 mg/cm,, 1 atm pressure O, and 60°C, 3 atm O,
at 90°C. c) Polarization curves of ORR, without ethanol (solid lines), 0.5 M ethanol (dashed lines), in 0.5 M
HClO4, with scan 5 mV/s and 1600 rpm rotation disk [243].

Oxygen reduction at 0.5 M ethanol (dashed lines), was better for PdSn-2H, at an onset potential of
0.56 V, producing a final current of -6 mA/cm?. Chandran et al. [244] observed that PtSn supported
on carbon nanotubes (PCNT) showed an onset potential at 0.7 V at a potential measurement range
of 0-0.7 V, producing a final current at -3.8 A/cm?. Wang et al. [245], constructed an ultra-thin
nanowire PtPdCu /NW catalyst, where the best ratio was (36:41:23) used as both anode and
cathode catalyst. PtPdCu with Pt loading at 1.2 mgp: /cm?, was capable at both EOR and ORR
reactions, and on a single cell experiment it performed 21.7 mW/cm?, almost 4 times better than
commercial Pt. PtPdCu increased the surfaces’ active sites and reduced CO poisoning resulting in

improved values of power and current density.
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4.3 Electrolyte Materials

The performance and efficiency of direct ethanol fuel cells largely depend on the electrolyte
membranes, which are the key components of a fuel cell. The two tasks performed by the
polymeric membrane in PEM fuel cells are the following: electrical insulator that prevents electrons
from flowing through the membrane as well as a charge carrier for protons to separate the reactant
gases [246]. The primary requirement for superior electrolyte membranes applied in DEFCs are
high proton or ionic conductivity, low ethanol permeability, low electron conductivity, oxidation
prevention, low fuel crossover, long-term chemical and thermal stability, high mechanical stability,

and water management.

Additionally, the material for electrolyte membranes must be readily available, inexpensive
to produce, and able to make films that are as thin as possible (50—80 um), biodegradable and non-
hazardous [247]. At this point, Nafion (perfluorinated sulfonic acid electrolyte membrane) is
extensively employed in PEMFCs since the 1970s because of its good chemical and electrochemical
characteristics, mechanical stability, strong proton conductivity, and the fact that it is not only
showing a doubling of the membrane's specific conductivity but also a four-orders-of-magnitude
increase in its lifespan (104-105 hours) [246]. Nonetheless, defects of the Nafion membrane are
caused by expensive manufacturing, cathode poisoning, cathode oxidation, fuel wastage and
highly permeable fuels inside the membranes, which result in swelling issues and fuel loss.
Consequently, PEMFC's performance is negatively affected. Performance degradation of the
membrane at temperatures of over 80°C is one of the key causes because the membrane's
dehydration has a negative impact on its mechanical stability and proton conductivity. Therefore,
making significant improvements to or discovering a different membrane for FCs use is essential
[248]. Jablonski et al. [249] examined the oxygen penetration through Nafion-117 membranes and
how it affected the efficiency of DE-PEMFCs in open circuit. In the absence of an electric current,
oxygen passed through the Nafion-117 membrane from the cathode compartment to the anode.
Thus, acetaldehyde and acetic acid were created as a result of the ethanol's oxidation. Therefore,
efficiency declines. A few years later, Battirola et al. [250] tried to enhance the DE-PEMCs'
functionality by avoiding the ethanol crossover effect using Nafion-117 membranes doped with Pt
and Pt-Ru nanoparticles. Tests were performed in DEFCs at 90°C and showed that Pt doped and
PtRu doped Nafion membranes improved power density 38% and 56% respectively, as illustrated
in Figure 39, highlighting the activating role of Ru in this application. Matos et al. [251], developed

a Nafion 115-titania (NT) composite electrolyte membrane. The results showed that ethanol
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absorption of composites was significantly decreased for high volume fractions of titania (>10
vol%), although the proton conductivity at high temperatures was only marginally titania-
dependent. Due to these results, it was proven that the performance of DEFCs using Nafion-Titania
15 wt.% (NT15) and Nafion-Titania 20 wt.% (NT20) composites was lower than the one obtained
for Nafion-115 (N115). The inorganic particles helped reduce the ethanol uptake while the proton

conductivity at high temperatures was not significantly altered.
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Figure 39. Power density and potential vs. current density for unitary DEFC at 110°C, 2 atm O; pressure, 1
mol/l of ethanol solution, Pt/C 30% wt. E-TEK as anode and cathode with Pt loading 2 mg/cm?. MEA
prepared with Nafion 117 membranes doped or non-doped with different amounts of platinum and
ruthenium. Filled symbols: power densities. Open symbols: potential [250].

Besides the improvements made on Nafion membranes, they still suffer from high costs and low
stability, stimulating further research activity for new types of membranes. Another widely used
material for PEM-DEFCs is the sulfonated poly(ether ether ketone) (SPEEK). These membranes

show tunable proton conductivity as well as superior chemical and thermal stability [252].

Maab et al. [253], modified sulfonated poly(ether ether ketone) (SPEEK) membranes for direct
ethanol fuel cells. The tested membranes were coated with carbo molecular sieves (CMS) and
SPEEK/polyimide (PI) homogeneous blends. Maab and colleagues, proved that both hybrid
membranes led to significant decreases in ethanol crossover compared to simple Nafion 117
membrane. In the DEFC experiments, the SPEEK/PI mixes outperformed CMS-coated SPEEK
membranes. The SPEEK/PI membranes performed significantly better than Nafion-117 membranes,
especially in DEFC studies carried out at 90°C, primarily due to the efficient decrease of ethanol

crossing.

According to Figure 40a, at 90°C, the DEFC performance of the 180 nm SPEEK membranes covered
with CMS is comparable to that of Nafion 117. When 10% of the experimental error is taken into

account, the polarization curves for both CMS-coated SPEEK membranes and Nafion 117 are
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comparable. They are all easily distinguished from the standard SPEEK membrane. When power
density is considered, the membrane with a thicker CMS layer performs significantly better.
Nonetheless, considering all the measurements combined with Figure 40b, SPEEK/PI blends had

better performance than CMS-coated SPEEK membranes in the DEFC tests.
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Figure 40. Polarization and power density curves at operating temperature of 90°C: a) Nafion 117®, plain SPEEK
and 90/10, 80/20, 70/30 SPEEK/PI blends and b) Nafion 1179, plain SPEEK and CMS-coated SPEEK [253].

Fu et al. [254], introduced a series of hybrid proton-conducting membranes with an interpenetrating
polymer network (IPN). The glutaraldehyde cross-linked PVA was interpenetrated with a copolymer of
2-acrylamido-2-methyl-propanesulfonic acid and 2-hydroxy-ethyl methacrylate cross-linked by
poly(ethylene glycol) dimethacrylate. The membranes showed reduced fuel permeability and less
swelling in ethanol solutions at high fuel concentrations. Fu and his colleagues concluded that, low
ethanol permeability also suggested that membranes were appropriate for DEFC applications, and a
high fuel concentration may be employed to decrease fuel crossover and optimize the anode kinetics,

leading to gains in the fuel cell's energy and power densities.

Roelofs et al. [255], reported modified inorganic—organic mixed matrix membranes with N-(3-
triethoxysilylpro pyl)-4,5-dihydroimidazole (DHIM), which consists of an hydrolyzable inorganic part
and a functional organic group. The DHIM silica-SPEEK hybrid's proton diffusion coefficient selectivity
to ethanol permeability coefficient was better when compared to pure SPEEK and Nafion-117. In a later
study, Roelofs et al. [255] modified a SPEEK membrane with an interconnected inorganic phase of
hydrophilic fumed silica particles (Aerosil380), tetra-ethoxysilane (TEOS) and a combination of both

silica networks.

Dynamic experiments revealed a notable decrease in ethanol crossover in the Liquid-Gas system with
the application of 2 M ethanol, and at 40°C with 4 M ethanol, where the combined Aerosil380-TEQS
system performed superbly as a reinforcing feature. Another very promising hybrid electrolyte

membrane material was a poly (vinyl alcohol) (PVA) membrane. PVA membrane was capable of
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producing films, has a high degree of hydrophilicity, and is readily available sites for the construction
of a stable membrane with good mechanical qualities. It is also proven that it has reduced ethanol
permeability and low cost, making it attractive for DEFCs [255].
4.4 Degradation

PEMFC encounters certain challenges that affect the further enhancement of the fuel cell.
Ethanol crossover and membrane delamination are two of the main problems occurring on ethanol
feeding. As it has be mentioned on the working principle of DE PEMFC, electrons flow through the
external circuit while protons pass through the membrane to reach the anode. In many cases, ethanol
through the membrane reaching, also permits taking place of active surface sites of the cathode,
increasing the overpotential decreasing the performance of the fuel cell. Ethanol crossover is crucial
for the performance, as it affects the amount of CO, and acetic acid that is produced on the cathode
[256]. Tsiakaras et al. [137] investigated of behavior of the ethanol’s crossover. As it is shown in Figure
41a crossover increases linearly with current density up until almost 8.0 mol/L of ethanol feeding, when
the current density is 300 mA/cm?, at 4.0 mol/L of ethanol, crossover rate is 30x10® (mol cm/s), while

at the same current at 8.0 mol/L, the crossover rate reaches 90x102 (mol cm™?/s).
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Figure 41. Representation of ethanol crossover with current density for different values of ethanol feeding [137].

Over the 8.0 mol/L, it is observed that the crossover rate has a peak at the middle of the current range
and decreases opposite with current density. This phenomenon can be explained as there are two
mechanisms that are responsible for crossover diffusion and electro-osmotic drag force. Diffusion
occurs at low current densities where, as when current density increases, the oxidation of ethanol
increases leading to less concentration difference and less ethanol crossover. On the other hand, over
8.0 mol/L where electro-osmotic drag takes place, higher ethanol concentration leads to higher
amount of protons permeation though the membrane which include and ethanol molecules that
permeate too. This phenomenon can be explained as there are two mechanism that are responsible

for crossover, diffusion, and electro-osmotic drag force. Diffusion occurs at low current densities, as
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when it increases, EOR increases leading to less, concentration difference, and ethanol crossover.
Electro-osmotic drag takes place over 8.0 mol/L leading higher where elevated ethanol consetration

augments permeation of protons and consequently ethanol molecules.

Maab et al. [253], tested membrane made from SPEEK and showed that crossover was 5 times
lower than Nafion membrane. Shakeri et al. [257] investigated the key parameters of the fuel cell,
temperature, anode-cathode flow rate, ethanol concentration and pressure of oxygen on the
cathode. They showed that, the increasing temperature from 35°C to 60°C, resulted in an increase
of the power density by 120%. Anode flow rate from 0.025 I/min to 0.1 I/min, showed a bare effect
on the performance, while the same effect was also observed on the cathode flow. Kim et al. [258]
tested the addition of phosphotungstic acid (PWA) on Nafion membrane from 5 wt.% to 20 wt.%,
and proved that the lowest permeability was observed at 20 wt.% of PWA with 12.2% lower
ethanol crossover and 22% higher power density. Azam et al. [259], recently studied the
parameters that affect fuel cell performance in an ethanol concentration of range 0.5 M — 3.0 M.
The results showed that until 2.0 M the OCV was increasing with a peak value at 0.57 V and power
density at 5.8 mW/cm? and current density at 46.7 mA/cm?, while better power density was found
at 2.5 M (Figure 41b) and power density at T=80°C. At concentrations higher than 2.0 M, the effect
of byproducts on the anode mostly acetic acid is crucial as far as the performance degradation is
concerned, because of the anode’s catalyst poisoning. Furthermore, ethanol flow rate is another
important parameter that affects performance, as it was shown that power density was increased

until 4 mol/L flow rate, at 2.5 M power density reached 12 mW/cm?.

Membrane degradation can be caused either from mechanical or chemical failure. Mechanical failure
usually depends on relative humidity and operation temperature [260]. Membrane needs to be
pressurized in a specific range of 75-300 psi which seems to be the optimal in order to provide a solid
sealed structure to avoid leakage problems and enhance permeability through the membrane. It has
been observed [261] that rising temperature leads to the reduction of elastic modulus which in these
values of pressure can lead to mechanical failure. Relative humidity is also essential on MEA fatigue
however the effect on failure is three times less than that of temperature. Khorasany et al. [262],
showed that cracking on the surface of the catalyst affected integrity of the membrane as it provoked
stress which resulted in membrane surface failure. Solasi et al. [263] on a stress strain test on Nafion
membrane showed that stress values were reduced over-time when constant strain was applied.
They also showed that rupture behavior wasn’t affected by temperature variations. Mechanical

creep up until final rupture was observed under constant stress even at low stress levels below
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yield point. Benziger et al. [264] showed that water absorption lowered the rate of relaxation,
while at constant water activity, elastic modulus was increased as temperature also increased.
Water absorption and desorption proved to be the reason that provoked cracks on the membrane

due to swelling and contraction phenomena [265].

Degradation on the catalyst layer is another important parameter since reactions occur on the
surface of the electrode. Electrochemical surface area (ECSA) is used to measure the active surface
and its reduction is mainly attributed to Pt dissolution. Zhao et al. [266] studied the development
of carbon corrosion and concluded that ESCA’s decomposition due to carbon corrosion results in
the detachment of Pt sites from the surface. Furthermore, the hydrophobic surface of CL is
contrary to the oxygen groups that are created from carbon corrosion and are hydrophilic. Also,
CL, can suffer from cracks during fabrication stage, from mechanical stresses on the MEA, when
the solvent is evaporated or from insufficient handling. Change et al. [267] showed that swelling
and shrinking, enhances the size of the cracks on the catalyst especially after 500 cycles of the fuel
cell, the crack length was 300% higher than fresh condition of catalyst. Song et al. [268] referred
that inadequate cell performance occurred due to the catalyst delamination, from the surface of
the electrolyte. This phenomenon generally results in non-uniform contact of the two materials,
which augments overpotential and resistance on mass transfer. Wang et al. [269] conducted
experiments on the operation of the PEM FC under subfreezing conditions, and showed that ECSA
suffered from severe damage due to freezing conditions. The main reasons reported in this
experiment were the alteration between ice and liquid phase damaged that catalyst layer.
Furthermore, the presence of ice occupies the triple phase boundary layer of the ionomer on the
cathode, blocking the oxygen species and not allowing them to reach the catalyst’s layer. ECSA loss
is significant, during the first four cycles as, approximately 43% loss of the initial surface was
reported while after 10 cycles it ended with total loss of 53% from the initial surface. Zhao et
al.[270], reported catalyst degradation which resulting to modification of the microstructure,
mainly due to water intrusion. More specifically, ionomers need to be highly humidified to provide
elevated conductivity, however incoming water changed the volume of the ionomer, provoking
shrinking and swelling. The continuous change in the structure of the ionomer increased fatigue
levels that ended up in total failure of the ionomer where the particles of the catalyst loosed-up
and were exported from the catalyst through water circulation. Schneider et al.[271] reported that
high temperature, of 90 °C and RH 100% had a severe impact on Pt dissolution compared to lower

temperature, of 60 °C and RH=30%. The reported explanation was that diffusion rate is
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temperature dependent specifically on high temperature. On the other hand, relative humidity
enhances the kinetics. Both factors combined, contribute on the faster kinetics rate. At high
temperature, higher concentration of the Pt?* on the membrane led to augmentation of the Pt loss

rate on the catalyst due to increased diffusion.

Gas diffusion layers are responsible for the removal of water produced, outside the catalyst layer.
Sorrentino et al. [272] showed in their research that degradation of the diffusion layer affects water
transport due to higher resistance. Abdullah et al. [273], showed that the thickness of the GDL affects
the durability on cracking. The main parts that are affected by GDL, slow the mass transport rate which
usually occurs because of the existence of non-uniform forces applied on the components. Fatigue
from many operation cycles, is responsible for the decrement of porosity. Chen et al. [274],
investigated the electrochemical properties of GDL and reviewed the degradation mechanisms of GDL.
In their article was reported that over 1.2 V, GDL fibers reduced their diameters resulting on thinner
gas diffusion layer. Another form of degradation comes from carbon corrosion, which leads to the
reduction of electrochemical surface area (ECSA) and the increase of resistances [275]. Water flooding
can happen in the fuel cell at both the anode and the cathode but it is more preferable to occur on the
cathode. Flooding results in pore blocking of the gas diffusion layer where molecules of the reaction
can’t reach the catalyst layer, elevating the demanding levels of performance losses and leading to
overpotential [276]. Kumar et al. [277] tested two forms of GDL, carbon paper and carbon cloth under
electrochemical degradation of aging up to 100 hours. It was proved that the rigid structure of the
carbon paper was lost, increasing residual fatigue under cyclic clamping pressure. Wood et al. [278]
referred that, on higher temperatures and flow rates, GDL could lose its hydrophobic character, due to
the contact of the reactant with the diffusion surface provoking erosion. Cathode surface was more
apt to this kind of erosion since oxygen flow is larger than that of the fuel on the anode. Another
important factor is that fuel cell needs to operate in freezing temperatures if it is destined to be utilized
in automotive industry. Guo et al. [279] studied the conducted an experiment of 10 freeze-thaw cycles
under temperatures from 20°C to -30°C. The results showed that water content in the MEA the

delaminated the catalyst layer from membrane and the GDL, while the GDL was seriously cracked.

Bipolar plate (BPP) is another component that can cause degradation on the fuel cell. It is a metal gasket
usually made from steel that is placed all over the MEA and between the cells, one plate close to the
anode and one close to the cathode. The main tasks of BPP are, the facilitation to the diffusion of gases
that enter or retrieve from the fuel cell as reactants, the maintenance of thermal stability and the

distribution of water all over the stack. From these tasks, degradation mechanisms are mainly due to
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corrosion and low contact of the surfaces. Bipolar plates are exposed to both, oxidation on the anode
and reduction on the cathode reactions where, because of these reactions an oxide film is compiled on
the surface which erodes the materials [280]. The corrosion that is created results in the development
of interfacial contact resistance which increases the overpotential. It is observed that stainless steel has
some regions where they favor corrosion. When OPC reaches over 1V at usually low current density,
steel has a transparent region which results to the oxidation of the metal. Similar occasion, occurs at
operations where the potential is around 0 — 0.1 V vs RHE where it is called “active” region for steel
and again it results in corrosion [281]. Ren et al. [282], tested the behavior of a typical stainless steel,
and showed that start-up and shut-down move the potential of the cathode to transparent region. The
big range of the potential contributes to the continuous alternation between transparent and passive
region which dissolute the outer layer of the metal. El-Hassan et al. [283] reported that the flow
channels that direct the reactants and the products on the anode and cathode, caused a back pressure

effect which resulted in performance losses and degradation.
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CHAPTER V

5. Conclusions

The increased energy consumption, as a consequence of the improved living standards, the
expanding industrialization, and the global overpopulation result in the continuous rise of global
energy demand. Fossil fuels are the main energy sources used in burning processes although this
has severe impacts on the environment since the emissions are hazardous and, the global reserves
of fossil fuels are depleting. Therefore, these side effects have led to a multitude of proposed
remedies to the existing environmental issues. Among others, fuel cells (FCs), that convert
chemical energy to electricity, represent one of the most promising and outstanding options for

sustainable energy conversion with low or no environmental impact.

In this thesis, we presented all types of fuel cells and their main features while we also investigated
Direct Alcohol Fuel Cells and especially those functioning with ethanol feed in acidic medium and low
temperatures. Direct ethanol fuel cells use ethanol as fuel, a renewable biofuel that can be produced
from first generation sources, it is non-toxic to humans and via redox reactions it produces electricity.
The procedure of electrocatalysis in the cell follows a series of electrochemical processes with features
that determine the efficiency and the performance of the FC and complies with basic thermodynamic
and kinetic laws. In general, alcohols are reformed before they are used for electricity generation. The
main types of reforming are: i) steam reforming, ii) dry reforming, iii) autothermal reforming and iv)
partial oxidation that can occur in internal or external reforming processes. Specifically, in direct

ethanol fuel cells (DEFCs), ethanol undergoes internal direct reforming.

Direct alcohol fuel cells (DAFCs) can operate in both acidic and alkaline media and their main
parts are the electrodes, the catalyst, the membrane, the electrolyte, the bipolar plates, and the
diffusion layer as in any other fuel cell. DE-PEMFCS and DE-AEMFCS have some fundamental
differences that have been analysed extensively. The working principle, the setup and the performance
for, PEM, AEM and SOFC, are some of the outstanding features required in order to understand the

operation conditions and performance of each type of fuel cell.

The optimization of DE-PEMFC depends mainly on the anode catalyst material, along with the
cathode’s material, since they play a key role in the overall fuel cells’ efficiency and performance since
they facilitate ethanol reaction activity and reduce oxidation potential rates. The identification of a
desirable electrocatalyst depends on two basic characteristics: i) contribute in C-C bond cleavage

causing the carbon to completely oxidize into carbon dioxide, increasing fuel cell efficiency and fuel use
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and, ii) eject the adsorbate intermediate species. Carbon supported Pt and Pt-alloys are commonly
used as catalysts in low temperature fuel cells and to date is the most investigated metal. Pt is the most
active material for the EOR, however, it is easily poisoned when it is used alone as an anode catalyst,
and also achieves higher electrocatalytic activity towards EtOH electrooxidation in acidic media when
doping with a second or, a third additive. All the experiments were held in operation-like conditions, in
acidic media, medium to low operation temperatures (60-90°C), with Pt cathode materials with
different metal loading (1-2 mg/cm?), while the concentrations of the electrolyte solution (H2SOa or

HCIO4) and EtOH (anode), as well as O (cathode) feed are not constant.

As far as the report on monometallic electrocatalysts for DE-PEMFCs, the most efficient
electrocatalyst was the pure Pt/C with 20 wt.% Pt. The experiment was held in 0.1 mol/l HCIO4, 0.1
mol/l EtOH with 1.0 mg/cm? Pt metal loading. Although the 30 wt.% Pt catalyst had a higher current
density, it also had the greatest negative impact on ORR, which reduced the performance of the entire
cell. Platinum has the highest electro-oxidation of ethanol activity; however pure Pt electrode
performance is insufficient because highly adsorbed intermediates develop and obstruct the anode
surface. The focus of current studies is on using co-catalysts to reduce the quantity of adsorbed

intermediates.

According to the reported results regarding binary anode electrocatalysts, some of them stand
out for their high electrocatalytic performance for ethanol electrooxidation in acidic medium, proving
that the addition of a second metal enhances the cell efficiency. Among Pt-based bimetallic
electrocatalysts, Pt-Ru and Pt-Sn are the most promising anode material. When Ru is doped in Pt, it
activates water molecules and provides preferential sites for OHags absorption at lower potential than
pure Pt. OHags completely oxidize the poisoning intermediates to CO;. The best performance was
achieved by PtsRuz with 1 M ethanol solution and 0.5 M H,SOs electrolyte solution. Sn also has
significant impact on Pt catalyst. More specifically, CO does not prefer to bind with Sn and so Sn active
sites are free for OHags, showing resistance on active site poisoning and also high compatibility.
Research proved that the optimal ratio at 90°C with 1 mol/l EtOH anode feed, 20 wt.% Pt and 2.0
mg/cm? Pt was found to be 2:1 Pt2Sns (33 wt.% Sn). Another metal that has been investigated in binary
catalysts was Ni that promotes the C-C bond cleavage and decreases the energy of chemisorption of
ethanol and its intermediates. The literature review showed that Pt 3Ni have the higher current density
at same potential among others with different atomic ratios in 0.1 M HCIO4, 0.2M EtOH and 18% Pt.
Combination Pt with Rh has also been tested for its EOR activity. As it was stated, it increases CO;

selectivity by improving CO; yield and decreases the acetaldehyde yield, while the best performance
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was achieved by PtgiRhgg in 0.1 mol/l HCIOs and 1.0 M EtOH, although it still has lower performance
than the PtRu binary catalyst. PtosRh/TiO; is also a very promising alternative for catalysts. Lastly, as far
as the binary Pt-based anode electrocatalysts is concerned, a combined PtPd catalyst has been
reviewed. Adsorption of hydroxyl ions and the development of an oxide layer on Pd surfaces have an
impact on the electrooxidation of ethanol using Pd catalysts, especially at higher potentials. Out of

many investigated, Pt1Pds showed the best performance in 0.5 M EtOH and 0.5 M H;SOa.

According to reports in the open literature of ternary electrocatalysts, most of them are more
effective than binary electrocatalysts. On the PtRu based sector the ranking is shown as: PtRuSn >
PtRuW > PtRuMo > PtRuRe > PtRuPb. PtosRuo.1Sno.1 seemed to have the best performance, since the
combination of Ru and Sn promotes, the C-C bond cleavage and at the same time, the carbon monoxide
and acetic acid oxidation. On the experiment conducted, PtRuSn reached a peak power density of 48
mW/cm? at 48 mA/cm? and 1 V. W and Mo additives on PtRu enhanced also the electrocatalytic activity
by increasing the electrochemical surface area and promoting CO oxidation. As regards PtSn based
electrocatalysts, the ranking is depicted as, PtSnNi >PtSnCe > PtSnCo. PtSnNi seemed to be a promising
catalyst, since addition of Ni to PtSn, promoted the formation of acetaldehyde and the 2 electrons flow
on the circuit. Ni is also a low-cost material which could provide an overall cost reduction of the fuel
cell. Ce showed similar properties with Ni on ethanol oxidation providing a large quantity of oxygenated
species which promoted the formation of carbon dioxide. More catalysts were reviewed as regards
PtSn trimetallic catalysts PtSnX (X= Rh, Re, Mo Pr) however the power density wasn’t high enough.
Furthermore, rare earth materials were also introduced on PtSn catalysts, including PtSnLa and PtSnTa

and showed poor performances.

On the other hand, regarding the Pt-based anode materials, some oxides were synthesized
for their potential application in DE-PEMFCS for higher EOR activity and cell performance. Metal
oxides are able to adsorb a large number of OH" species involved in the redox process occurring
between different oxidation states of the metal oxide, and improve their catalytic properties. Pt-
(RuO32-Pb0Oy)/C and PtRhSn0,/C (with an atomic ratio of Pt:Rh:Sn=3:1:4) have provided the highest
results in 0.5 M H,SO4 and 1 M EtOH feed, while TiO2 and y-Fe;03-C have also had remarkable

effects on the catalysts' activity towards ethanol oxidation in the same conditions.

Furthermore, iridium is the most investigated among non-platinum catalysts. The bimetallic

Ir3Sn/C showed similar performance to Pt3Sn/C but it is more active towards ethanol oxidation,

making Ir a highly attractive alternative metal for non-platinum materials with performances

greater than Pt, in 0.5 M H,SOz and 1 M EtOH with 20 wt.% Pt and 1.5 mg/cm? metal loading.
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Additionally, porous Ir3sPb-NDs enhanced durability, CO; selectivity, and catalytic activity, with ND-
IrsPbAug.os/C achieving the highest results. Moreover, Ir77Ruz3/C was proven to be a very promising

low-cost electrocatalyst for DEFC.

In order to reduce the cost of precious metals catalysts, research community investigated
some non-precious catalysts. Although the non-precious materials literature study is limited, MOF
materials and CoNP/AC/GCE exhibited excellent performance in DEFCs and encouraged further

research.

DE-PEMFCs face also challenges as regards performance losses of the fuel cell and
degradation of its components. Degradation according to the literature can occur in any part of
the fuel cell such as, membrane, catalyst layer, gas diffusion layer, bipolar plates. The mechanisms
of degradation are separated into mechanical, chemical and thermal degradation. Membrane
degradation mostly comes from all the three mechanisms, notably, elevated temperature, high
relative humidity, constant strain on the MEA and water flooding are mainly responsible for
degradation. Catalysts suffer mostly from carbon corrosion, freeze/thaw cycles and assembly
failures such as highly stresses which result in Pt dissolution, cracking of the surface and ECSA
losses. GDL, are vulnerable to carbon corrosion, freeze/thaw cycles, and water flooding while

bipolar plates suffer from carbon corrosion and interfacial contact resistances.

Direct ethanol fuel cells have developed significantly over the past few years, and research
has progressed to a satisfactory level. However, more research needs to be conducted in the field

before DE-PEMFCs can become fully commercialized.
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