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ABSTRACT

In order to reduce the environmental damage mainly caused by the combustion of coal and
petroleum, political agreements have been made to replace the fossil fuels usage with other
sources of energy. Renewable energy sources are looking the most promising among the primary
sources of energy. However, renewable energy sources are dependent on natural phenomena and
therefore they lack reliability. To deal with this, energy storage devices are now gathering a lot of
attention, as they provide a pathway to a sustainable energy future based on renewable energy
sources. In fact, electrochemical devices can play a huge role in converting chemical energy into
electricity and vice versa. Among those electrochemical devices, fuel cells which use hydrogen
as energy carrier to produce electricity when its needed, have great potential for further use.

In the first part of this work, the basic principles of electrochemistry and some of the
electrochemical devices are being presented. Followingly, further analysis around the
fundamentals of operating polymer exchange membrane fuel cell (PEMFC) and their main
degradation mechanism, which is known as poisoning, is taking place. The poisoning of a PEMFC
is mainly caused by the presence of carbon monoxide traces at hydrogen-rich gas which fuels the
cell.

In the second part of this work, electrochemical techniques including Cyclic Voltammetry,
Linear sweep voltammetry, Chronoamperometry and Electrochemical impedance spectroscopy
have been employed to investigate (i) the activation procedure of a PEMFC, (ii) the optimal
operating temperature, (iii) the performance comparison of the cell using three different anode
catalysts (Pt/C at 0.2 mg/cm? , PtPd/C and PtPds/C at 0.04 mg/cm?,) and (iv) the carbon monoxide
tolerance of the cell using four different anode catalysts (Pt/C at 0.2 and 0.04 mg/cm?, PtPd/C and

PtPds/C at 0.04 mg/cm?).



NEPIAHYH
"Exovtag og o160 ™V peimon g meptBarioviikng (npdg mov €xet mpokAndet kupimg amd v

KOWon Tov KAPPOLVOL KOl TOL TETPEAiOV, TOMTIKEG GLUEMVIEG &yovv cuvopbel Yo va
aVTIKATAGTOO0VV To. OPLKTH Koo pe GALeG TNYES evépyetag. Ot ovaveDOIEG TTNYES EVEPYELOGS
(AITE) powdlovv va elvon ot mo moALG vmooydueveg myés evépyetas. Ouwg, ov AIIE eivan
eCopmuéveg ammd o PLGIKA PavOpEVa Kot dpa otepodvon aélomotiog. o va apfivvOel avto,
peydAn mpocoyn OtveTon TOPO G GUOKEVEG amobnKeEVONS TG EVEPYELOS, KAODS avolyovv éva vEO
povormatt yuo éva gvepyeslokd Pidoo péddov Pactopévo otig AIIE. Xty mpaypotikdtmto, ot
NAEKTPOYNUIKES GUGKEVES, ITOPOVV VO TOUEOVY PEYOAO POAO GTNV LETATPOTN YNLUKNG EVEPYELNS GE
NAEKTPIGUO KO OVTIGTPOPA. AVALEGO OTIG NAEKTPOYNUKEG GUGKEVES, Ol KUWEAEG KOWGILOL OV
YPNOLLOTOLOVV TO VOPOYOVO MG POPEN. EVEPYELOGS YIOL VOL TNV TOPUYWYT] NAEKTPIKNG EVEPYELNS, OTOV
aVTO YPELOCTEL, TOPOVGLALOVY LEYOAT SLVOLIKY Y10 TEPAUTEP® XPTOM).

210 mWPAOTO UEPOG NG TaPovGOS epyaciog, mapovstdloviar ot Poctkes apyxég NG
NAeKTpOYNUEinG KOl KATOLES Omd TIG NAEKTPOYNIMKES CLOKEVEG. AKOAoVOMG, Tpaypatomoteitan
TEPATEP®  avdALoN YOPp® omd TG Pacikés apyés Asttovpylog MG KOWEANG KOLGIHOL
nolopepkod miextporvtn (PEMFC) kot tov KOPov Unyaviopov aotoxiog, yvootd og
onintmpiaon. H dnAnmpiaon pwog PEMFC mpokaieiton xvpiog amd v mapovcio tyvov
Lovo&edion Tov dvBpaka 6To TAOVGLO GE VOPOYOVO AEPLO TOV TPOPOSOTEL TNV KLWEAT).

210 0e0TEPO PEPOG NG €PYOCIOG, MAEKTPOYNLUUKES TEYVIKEG GLUTEPIAAUPAVOUEVOV NG
KUKMKNG BoAToppeTpiog, YPOUMKNG POATAUUETPIOG, YPOVOUUTEPOUETPING KOl MAEKTPOYNUIKNG
(QOCUATOCKOTIOG EUTESNONG, YPNOYoTolovvTaL Yoo v otepevvnon (1) ¢ dadikaciog
evepyomoinong pog koyéing tomov PEMFC, (i) g Béhtiotng Beppokpaciog Aettovpyiag, (iii)
Vv oOyKplon Asutovpyiog TG KLUWEANG YPNOLUOTOIOVTIONS TPELS SpOPETIKODS 0vodIKOVS
katowteg (PH/C og 0.2 mg/em? | PtPd/C xon PtPds/C og 0.04 mg/em?) kau (iv) Tng avToxig ™g
KOWYEANG o€ HOVOEEIDI0 TOv dvBpaka YPNOUYOTOIOVTAG TEGGEPLG OLPOPETIKOVS OVOIIKOVG

xotolvteg (PH/C og 0.2 kan 0.04 mg/cm?, PtPd/C wou PtPds/C oe 0.04 mg/cm?).
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CHAPTER |

1. INTRODUCTION

1.1. Overview

Since the very beginning of the human history, sustainable energy is the Holy Grail of the social
prosperity and development. Every international superpower throughout modern history is directly
connected to an energy source. More recently, during Age of Steam (1770-1914 AD) Britain became
the largest empire in the world as it was based on industrial coal revolution and managed to control the
largest coal resources [1]. During the middle of the 20" century, petroleum powered the economic
expansion and social prosperity of the global community, leading global power countries to secure oil
supplies around the world [2]. That status quo lasted until the Arab oil embargo on 1973 that triggered
an international oil crisis [3]. It was then that the use of alternative energy sources intensified as a meaning
to reduce energy prices around the world until the prices fall again. Today, the need for alternative energy
sources rises again as a path to diminish the environmental damage that fossil fuels provoke. It is why,
the global community seeks to transition from a fossil-based economy to a more environmentally
friendly structure economy [4]. Moving in that direction the Paris agreement was adopted by 196 entities
around the world, including China, European Union, India, Russia, United States, on 12 December of
2015. According to this treaty, countries will take actions to reduce greenhouse gas (GHG) emissions
(mainly produced by fossil fuels) in order to limit global temperature rise by 2050 [5]. As a result,
investments in renewable energy systems and new technologies to store that energy are anticipated to
take place in the foreseeable future, especially from the G20’s countries. This energy transition will not
be an effortless process. As of today, the energy mix of these countries is diverse considering that their
major primal source of energy production is different as shown in Figure 1. For example, Brazil and
Canada are mainly dependent on renewable energy sources (RES), while South Africa and Saudi Arabia
mostly produce energy via fossil fuels. Lastly, France and Republic of Korea use nuclear energy for the

most part of their energy production policy.
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Figure 1. Shares of energy production by source across the G20 countries (Group of Twenty) [6].

1.2. Fossil fuels

Over the past years’ energy was, almost entirely, produced in thermal power plants where the
thermal energy is converted to electricity. The thermal energy produced by the combustion of coal,
natural gas and oil was turned into high-pressure steam that is used to generate electricity. The mix of
power generation in 2014 is indicative of the fossil fuels contribution, when 40,8% and 21,6% of the
total electrical energy produced was attributed to coal and natural gas respectively, according to the
WEC (World Energy Council) [7]. Producing energy from fossil fuels combustion has significantly
improved over the last decades, since it was the center of attention. However, the emissions of the
combustion (carbon dioxide, methane, sulfur dioxide) have proved to be harmful for the environment.
Natural gas and oil produce less CO- per unit of energy compared to coal, since the coal is mainly
consisted by carbon-carbon bonds while natural gas is mainly consisted of carbon-hydrogen bonds.

Moreover, coal is containing a little amount of sulfur that is liberated in the atmosphere during
2



combustion. Therefore, it is likely that in the next few years natural gas will soon replace coal [8].
Despite their dangerous emissions, most scientists also believe that fossil fuels are not abundant, and
their annually production will soon be declined [9-11]. Considering the exponential growth of global
population and their improved living standards, that decline will lead to supply chain problems,

therefore alternative sources of energy should be used in the coming years.

1.3. Nuclear energy

Nuclear energy was introduced in the early 1940’s as a result of technologic progress for military
purposes but soon enough proved to be promising for commercial use also. It became famous as a way
to produce tremendous amount of energy using tiny amount of substance [12]. Nuclear power plants
produce electricity from splitting atoms through the process of nuclear fission. In the beginning, uranium
was used as a fuel, as it was known for its fissile behavior [13]. It was found that the original mass of the
uranium was bigger than the total mass of the products of the fission, indicating that a certain amount of
energy was released. This is in accordance with the theory of special relativity where the loss in mass,
m, is directly connected to the energy, E, released, where E=mc? and c is the speed of light. Since the
speed of light is a large value, even a small amount of material lost can result huge amount of energy.
That energy produced is used in the same way as in a conventional power plant; it boils water creating
steam that is used to move a steam turbine. Nuclear power plants do not produce greenhouse gasses and

therefore it is considered as a practical alternative solution for energy production.

1.4. Renewable Energy

Renewable energy is energy that is produced by continuous phenomena taking place in the
local environment. The energy flow regardless of the presence of any device to intercept this
power. For instance, sunlight hitting the earth irrespective of the presence of any device that
collect its power [14]. Renewable energy sources will play a key role in the next few years for a

sustain energy future in both the developed and developing countries for three main reasons:



e They are the cleanest energy sources for the environment as they do not produce
significant amounts of pollution. The use of renewable energy sources provides an
alternative way to avoid both the GHG emissions from fossil fuels and radioactive
byproducts from nuclear plants.

e They cannot be exhausted for the next billion years since they are related to continuous
energy flow. In contrast, both the fossil fuels and nuclear energy are related to finite
resources. Once they are used up, they cannot be replaced, but only after million years.

e Provide the ability to isolated and decentralized communities to produce energy depending
on the local environment. As a result, they are becoming independent from both the
national and the international network leading to a real energy autonomy [15].

There is a wide variety of renewable energy resources. The most significant sources such as solar
energy, wind energy, hydroelectric power and biomass are already used in most of the countries
to replace fossil fuels. The contribution of these sources, according to the International Energy

Agency (IEA), for the last two years, is shown in Figure 2.
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Figure 2. The outcome of the four main renewable energy resources according to the IEA for
2019-2021 [16].



1.4.1. Solar energy

Solar energy is the most plentiful renewable source of energy as 1.8x10'* KW, emitted from sun,
reach earth surface [17]. Therefore, it is probably the most promising source of energy as it can solely
power the entire human activity. The energy is reaching at earth surface both in form of light and heat.
That energy is coming from a nuclear fusion reaction that converts hydrogen into helium inside the
core of the sun [18]. There are two main different ways to benefit from the solar energy; either by
converting the light into electricity using photovoltaics cell or by collecting the heat from the sun using
concentrated solar power plants. In photovoltaics, which mainly use silicon as semiconductor, photons
coming from sun hit the cell resulting in exciting electrons to move through the semiconductor giving
electrical power. Concentrated solar power plants use mirrors to reflect sunlight radiation to a receiver.

The heat is then used to convert water into steam that rotate a turbine [19].

1.4.2. Wind energy

Wind energy is produced by converting the motion of the wind into electricity, using a great turbine.
Wind is an indirect byproduct of solar energy that reach earth surface. The irregular distribution of
heat on earth atmosphere triggers the motion of the wind [20]. Wind farms can either be used on land
or sea. The former was monopolizing the market when it came to wind energy. However, the limited
available land areas and the visual pollution [21] caused a growth expansion in offshore wind power
investments over the last few years. Besides, wind speeds at sea tends to be larger than those in the
land resulting higher efficiency. Offshore wind farm does not come without a cost. More importantly,
the construction and repair at a marine environment seems challenging while undersea cabling brings
a higher total cost. In European Union wind shared only about 5.3% of total energy production back
in 2010 according to European Wind Energy Association [22]. The target of 100 GW of wind energy
has already been reached. That amount of energy can power 57 million households, corresponding to

the production of 39 nuclear plants [23].



1.4.3. Hydropower

Hydropower plants convert the potential energy of water into electrical power. The water that
is evaporated from the heat that sun provides on earth surface is usually gathered on high land.
On its way back to the sea level, led by gravity force, its flow moves around a turbine-generator
[8]. In order to improve the efficiency of this source, the water is now enclosed by dams that keep
the water high. This can be also considered as mean to store energy, saving some of the water
reserves for another time. It has long been a controversy among environmentalists whether
hydropower should be considered a green energy solution even though it has almost zero GHG
emissions. The creation of new “lakes” and the reduction of water availability on lowered water

level disturb the ecosystem of the area [24].

1.4.4. Biomass energy

Biomass is defined as organic based materials that are combusted to produce energy. Biomass
is accounted for a big amount of energy production globally as a primary source. Agricultural and
forestry activities are the main source of biomass production. Some crops, sugar, grain and forest
trimming are mainly used as biomass. They can be used to produce electricity, heat or even as a
transportation fuel [25]. When it comes to the production of electricity, it used in a similar manner
that fossil fuels are combusted to rotate a turbine-generator. During combustion, some GHG
emissions occurs, but these emissions would still occur even if the biomass were allowed to rot in
the ground. Another significant challenge is the need to completely dry the biomass before
combustion as the moisture contained can largely reduce the efficiency. The most significant

biofuel that it can be converted into is biodiesel, biogas and biohydrogen.



CHAPTER |1

2. ELECTROCHEMISTRY & ELECTROCHEMICAL DEVICES

2.1. Electrochemistry

Considering the need of the energy transition and the rapid growth of renewable energy use,
the dominance of these sources for energy production worldwide is only a matter of time.
However, the renewable sources of energy are mainly dependent on natural phenomena that are
hard to be precisely predicted. That is the main reason that the advocates of fossil fuels claim that
the renewable sources of energy are unreliable. For example, the variation of sunlight may
sometimes lead to an excessive production of energy while other times may be insufficient to
supply the network demands. Therefore, low-cost, reliable, and efficient devices for energy
storage must be developed in the next years. However, most of the time, the primary energy
produced cannot be directly stored. It is why storage of produced energy requires the conversion
of it in the first place in other forms, including thermal, kinetic, potential, or chemical energy [26].
Electrochemical devices are probably the most promising tools to serve that purpose. In this
chapter, some of the main type of electrochemical devices are presented [27].

Electrochemistry can be described as the science field investigating the relationship between
chemical reactions and electrons transfer/electrical energy. All electrochemical devices are based
on the same principles, and they can all be compared to a simplified electrochemical cell. That
cell is consisted of two electronic conductors that are called electrodes, separated by an ionic
conductor that is called electrolyte [28]. All metals and carbon materials can be used as electrodes
while soluble salts, acids, and bases dissolved in water are mainly used as electrolytes. In an
electrochemical cell passage of electric current occurs, involving chemical reaction (Eq 2.1),

taking place at the electrode/electrolyte interface.



0O+ne” R (1)
where both O and R, are named electroactive species. O is the oxidized, R is the reduced and n
is the number of electrons exchanged between O and R [29].
During this reaction the electrons produced in an electrode, called the anode, travel through an external
circuit to the second electrode that receive the electrons, called the cathode. Meanwhile the electrolyte
bulk solution allows the flow of ions but block the passage of electrons. If electrolyte permitted the
electron flow, it would result a self-discharge system. The electrochemical cell can be categorized into

two types; the galvanic and the electrolytic cell (see Figure 3).

Power
(a) supply (b)
i
e e
|
Cathode ' | Anode
) ‘ (+)

(Pt) = | (Cu

Figure 3. lllustration of (a) Electrocatalytic cell, (b) Galvanic cell [29].

In the former (Figure 3b), the chemical reaction occurs spontaneously and results a potential
between the electrodes, triggering the flow of electrons through an external circuit (i.e., a copper
wire). In the latter (Figure 3a), an applied potential results the flow of electrons that cause the

chemical reactions at the electrodes.

2.2. Batteries

Batteries are electrochemical cells that are connected in series or parallel. They are carriers of
chemical energy that is converted to electrical power according to (Eq 2.1) when used. They are
considered to be one of the most convenient electrochemical devices based on their portability

and their efficiency. Batteries are being categorized in two main types; i) primary batteries and ii)



secondary batteries. Primary batteries cannot be recharged as they have no reversible cell processes.
In contrast, secondary batteries can be electrically recharged as they have reversible cell processes
[26]. To further analyze the charging and discharging process Daniell cell should be introduced as a
reference (see Figure 4). John Daniell (1790-1845) played a major role in battery technology
development, as he was the first one achieved to obtain a continuous current by using an
electrochemical cell. Daniell cell is divided in two half cells. In the first half, zinc (Zn) electrode
used as anode and in the second half, copper (Cu) electrode used as cathode. Anode and cathode
electrodes were dipped in zinc sulphate solution (ZnSO4) and copper sulphate solution (CuSOa),
respectively. The two electrodes are connected with an external wire [30].

Basic Principles of a Daniell Cell (Battery)

Discharging

Charging

Load |®
©
Anode Cathod Cathode Anode
LS B
ZnS0O, Cuso, ZnSO, CusQ,
Cu Cu
salt salt
bridge bridge
Zn— Zn* + 2€J || Cu™ + 2&J — € Zn* + A8) — Zn || Cu — Cu** +
* Zn is oxidised « Cu?t is reduced + 7n2* is reduced * Cuis oxidised
+ Electrons produced + Electrons consumed » Electrons consumed + Electrons produced

Figure 4. lllustration of discharging/charging process of a Daniell Cell [31].
During the initial state the Zinc anode electrode has more electrons than normal, while copper cathode
electrode has less electrons than normal. Hence, zinc electrode is negatively charged, and copper
electrode is positively charged. That-potential difference led the electrons to flow from the anode to the
cathode. Throughout discharging process, electrons transfer from the anode to the cathode via the
external metallic wire providing power. By the time the electrochemical active species are completely
oxidized or reduced according to the following equations, the battery can no longer provide power.
Anode: Zn = Zn?* + 2e~ ,Eo = 0,76V (2)

Cathode: Cu?* + 2e™ - Cu ,E° = 0.34V (3)
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As it can be seen the total potential that Daniell managed to produce is 1.1 V.
If the battery belongs at the primary category, can now be recycled, or disposed. But if the battery
belongs at the secondary category, it can be recharged. During recharging process an external
current is applied to the cell, driving electrons back to the zinc electrode, which now plays the
role of the cathode. Therefore, the anode electrode is now the copper electrode that being oxidized
as described below.
Anode: Zn*t + 2e~ - Zn,E° = —0,76V 4)
Cathode:Cu = Cu®* + 2e~,E° = —0,34V (5)
The most used primary batteries are alkaline and lithium-metal cells. As for the secondary type
of batteries, which seem more promising, lead-acid batteries, nickel-metal hybrid cells and

lithium-ion cells, are of the most used.

2.2.1. Alkaline batteries

Alkaline batteries are still up to date the most used primary battery type. Zinc (Zn) is used as
anode electrode, manganese dioxide (MnOy) is used as cathode and finally aqueous potassium
hydroxide (KOH) as electrolyte. The main characteristic of these batteries is the long duration of
lifetime even under heavy load or low temperature (-10 °C). This is why; they are mostly preferred
to supply energy at daily used devices such as audio-visual devices, game equipment or wireless
office equipment. A single alkaline cell results an initial 1.5 V that it gradually reduces under
working conditions. Even after a significant amount of usage time, the cell can operate at around
1.15V for a period of time. The alkaline cell can also be used as a stack with other alkaline cells

resulting 9V, when six cells stacked or 6V, when four of them are stacked [32].

2.2.2. Lithium metal batteries

Lithium batteries, also known as lithium metal (LMB), are primary batteries that use lithium as
anode electrode. Manganese dioxide (MnQy) is the most common material used in cathode, while

organic solution with salt of lithium is used as electrolyte. This type of batteries are well known for
10



their enormous theoretical capacity that is set up to 3860 mAh/g [33]. Unfortunately, the manufacturing
of rechargeable LMBs is far from ready as they exhibit poor performance [34,35]. However, in the
recent years’ scientists have tried to overcome this problem by using lithium-sulfur (Li-S) [36] and
lithium-oxygen (Li-O2) [37] batteries. Those two seem to be promising due to their great theoretical
energy density [38]. Lastly, further research focuses on developing solid state electrolytes (SSE) for
Li-S and Li-O2 batteries, as these seem to deal with most of the safety issues occurred and increase

the total efficiency.

2.2.3. Metal-air batteries

Considering Li-O2 as an example, more metals have also already been used to form a metal-air
battery, including aluminum, magnesium, zinc, and iron. In fact, metal-air batteries (MABS) can be
classified both as primary and secondary batteries [39]. What makes MAB so special is that use an air-
positive electrode. The other electrode, the negative one, is made of metal. Oxygen, which is contained
in air, is reduced in the air electrode, which is actually a thin film. Therefore, several materials have
been used to examine and optimize the oxygen electrocatalysis, including catalysts for both reactions
[40-43]. Since the oxygen is plentiful, the battery can provide power until the metal is totally exhausted.
Keeping in mind, that oxygen is coming from the outside, the interior space of the battery is solely

used for the negative electrode, resulting large capacity [44].

2.2.4. Lead acid batteries

Lead acid batteries (SLA) are the first type of rechargeable batteries ever invented. Lead (Pb)
Is used as anode, while lead dioxide (PbO.) is used as cathode in a sulfuric acid (H2SOa4) solution.
They are the most used rechargeable batteries and they come at low cost. Their theoretical voltage
is around 2.05V [45]. During the discharging process both electrodes are turning into lead sulfate
(PbSO4) while the solution, giving the sulfate ions, is gradually converting into water (H20) [46].
The appearance of water during discharging process can cause serious problem in charging

process. During charging process, the voltage of the cell will be increased, even further than the
11



corresponding value of water electrocatalysis. Consequently, oxygen and hydrogen gasses will be
generated, requiring a special treatment to avoid charging gas ignition. Moving in that direction,
some cells are designed to just let the Oz and the H2 to move away, while others are designed to

force those two to re-form water molecules [45].

2.2.5. Nickel metal hydride batteries

Nickel metal hydride (NiMH) batteries are rechargeable systems which use nickel
oxyhydroxide (NiO(OH)) as cathode and hydrogen absorbing (MH) alloys as anode electrode,
while hydroxide potassium (KOH) is used as the solution [47]. NiMH batteries were firstly
introduced in order to replace the nickel-cadmium batteries as an alternative eco-friendly solution
because cadmium has proven to be toxic. However, NiMH also presented higher specific energy
and higher peak powers. The strongest points of NiMH are their high safety and their long duration
life. Hence, they seemed to be the most suitable choice for hybrid electric vehicles technology
(HEV), and they were used by Toyota and Honda in 90’s [48,49]. Lately, NiMH sales seem to go

down as lithium-ion batteries exhibit higher performance [50].

2.2.6. Lithium-ion batteries

Lithium-ion batteries (LiB) seem to be the most promising rechargeable battery type as they
already used in a wide variety of portable devices such as mobile phones, while due to their
development they tend to replace NiMH batteries in HEV. They were named after their
characteristic way of function. In an LiB during discharge process, lithium ions are moving from
the anode electrode to the cathode electrode while during charge the process is reversed [51]. The
most popular materials that used in a LiB are graphite as anode, LiCoO3, LiFePO4, LiMn204 as
cathode and LiPFs as the solution [52,53]. LiB present high open circuit voltage (around 3.94V),
slow discharge time and no memory effect. However, LiB have to face some challenges to become
more reliable. Firstly, the low Lithium-ion diffusion kinetics during the charging process. To deal

with that problem, researchers are testing new efficient materials [54]. Secondly, many fire or
12



explosion incidents have been occurred worldwide when the battery is heated up. Despite the

number of incidents further study is needed to be done in order to define the exact mechanism

that triggers the explosion [54].

2.3. Supercapacitors

Supercapacitors (SC) also known as ultracapacitors are used to store high amount of energy.

Conventional capacitors and supercapacitors basic principles are much alike.

However,

ultracapacitors use electrolyte instead of dielectrics and greater surface area electrodes resulting higher

energy density than conventional capacitors and higher power densities than batteries as shown in

Figure 5. Thus, SC are filling the gap between the batteries and the conventional capacitors.

“..]5._ 4 ’ / I 7
o ’ ’ . s ’
£ , ’ ’ /
’ s ’
s ,/, . J, ’/
3.6ms L7 ,’ L7 L
. , s y
- . 0.36 s . ‘
4 ‘ . .
WO :_ ;’ /f 363 / ’
r ’ -, : ’
/
}.r }/ }.r 363 ,
. ’
/, /.r /, 4 4 s
k4 / ’ 4 s
4 4 #
- ‘ ‘ ’/ ;/ s /‘
I / ’ I3 AN
o 103k P . - Li-ic .
3 — 7] Cg-; ’ nli nan ’ 1h
= o ’ =3 ; H ’
= - B [N B ‘ -
— ’ %/ £ ’ ’
1] , ® ’
= ’ }3_ s A
(=] ’ . = 4 4 s
g— ¢ ’ % }’ i
’
= /{ r’ % & z
(=] I A
g 102—_ ,/ % ’
) o ’ /% /
N ’ /
/} s “h s
; / ’
’ ’ s s
’ / ’ , .
7 ks s
S . 10h
’ s I s
10 ’ ‘
o ’1 ;/ ’
N ’ s s
’ ’ ;
’ ’ ’
’ / ’ .
. . . PbOzi’/ s
= ’ ; ’
s / s s s
1 TN vl S I R Ml
102 101 1 10 102 108

Specific energy (Wh kg—1)

Figure 5. Specific power versus specific energy for certain electrochemical devices [55].

This signifies that if a supercapacitor is used in an EV, it can achieve higher speed but for shorter

distances. Conventional capacitors do not depend on the electrochemistry to store energy but rather

electrostatically. They are using two parallel metal plates isolated by physical contact by a charging
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insulator material called dielectric. When voltage is applied to the device, opposite charges are
gathering on each plate creating an electric field resulting to store energy [56]. Capacitance (C), Energy

density (E), Power density (P) of a capacitor is calculated by the following equations:

C= gogrg (6)

E=2CV? ©)
V2

Prax = IR 8

where A is the surface area of the electrodes, D is the distance between them, &, is the dielectric
constant of the vacuum, ¢ is the dielectric constant of the intercepted material, V is the voltage
applied, R is the internal resistance of the device that includes all the internal parts [57,58]. As it is
already mentioned before, supercapacitors are operating under the same basic principles,
including the above equations. The capacity is proportional to the surface area and inverse
analogues with the distance. Therefore, SC are hitting higher capacitance and energy values by
increasing the surface area of the electrodes and decreasing the distance in between (see Eq. 2.6).

Three main supercapacitors type can be distinguished according to the mechanism that they
use to store energy (see Figure 6):

a) Electrochemical double-layer capacitors (EDLC): use non-Faradaic process to store
energy electrostatically. They are mostly consisted of two carbon electrodes, an electrolyte
(instead of a dielectric) and a separator. When an electric field is applied to the device, the
two electrodes are getting charged. As a result, the ions in the electrolyte are attracted to
the opposite charged electrode, forming a double layer at each electrode. Electrodes
porosity do not allow ions to recombine. As no chemical reaction occurs, the EDLCs
components remain stable, meaning that the capacitor exhibits long duration life [56].

b) Pseudocapacitors: use Faradaic process to store energy through fast reduction-oxidation
(RedOx) reactions. Specifically, in this case, charge transfer between the electrode and the

electrolyte occurs. Both Metal oxides [59,60] and conducting polymers [61] have been
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investigated as possible electrode materials because of their high conductivity. Due to the

Faradaic process, pseudocapacitors hit higher energy density values than EDLC but less

duration life cycles.
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Figure 6. Illustration of EDLC, pseudocapacitor, hybrid capacitor [62].
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c) Hybrid supercapacitors: are devices that combine the high-cycling duration life of EDLC

and the high energy density values of pseudocapacitors. To do so, hybrid systems are

combining a faradaic process electrode with a non-faradaic process electrode. That

combination can increase the energy density of an EDLC without a serious reduction in

life-duration of the capacitor. The two main combinations that have been tested so far are:

i) a metal oxide electrode with a carbon electrode and ii) a lithium-based electrode with a

carbon electrode [63].

2.4. Electrochemical sensors

Electrochemical sensors detect the amount of a specified substance/analyte using an electrode

as the transducer element, to transform the signal produced from the analyte’s detection in

electricity. More specifically, the targeted substance is reacting with the sensing electrode

producing an electric signal. That signal is analogous with the substance concentration [64].

Electrochemical sensors are consisted of a working electrode (WE), an electrolyte, and a counter

electrode (CE), while a reference electrode (RE) is required for sensors that require an external
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driving voltage. These electrodes (WE, CE, RE) are individually deployed within the sensor's
electrolyte. Initially, the substance enters the cell via a capillary-type opening and a hydrophobic
barrier, allowing enough ambient gas to react with the sensor while preventing electrolyte leakage.
Followingly, the substance is reaching at the transducer electrode (working electrode) where a
RedOx reaction occurs generating current that flow between the positive and the negative
electrode. By measuring that current, the concentration of the substance can be defined. The
working electrode (WE) must sustain a stable potential, however due to the RedOx reactions that’s
impossible. To monitor the potential of the transducer electrode, reference electrode (RE) is

inserted in the electrolyte (see Figure 7) [65,66].

Capillary-type Opening
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Figure 7. Schematic presentation of an electrochemical sensor [67].

Electrochemical sensors are considered superior to others, due to their high detectability and their
tolerance on high temperature working conditions. They have found application in a wide variety
of fields such as environment, clinical measurements, and automobile. In this context, a lot of
studies for new materials have been done lately. More specifically, when it comes to the detection
of gas emissions due to internal combustion machines or oxygen detection, solid state sensors
have proven to be a reliable technology and therefore researchers have focused on finding suitable
materials for both electrode and electrolyte [68-73]. As for the health-related field, recent studies

in usage of nanomaterials in electrochemical sensors are promising better selectivity and more
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accurate measurements [74-77]. Electrochemical sensors are categorized in three main categories

[78]:

a)

b)

Potentiometric sensor: is measuring the potential difference between the WE and the RE
when no current occurs [79]. The potential of the WE is linked to the dissolved ions of the
targeted substance. For that purpose, an ion-selective electrode is used. That potential
signal is then used to define the concentration of the substance according to the Nernst
equation (Eq 2.9) [80]:

E = E°+=In [a;] 9)
where E is the potential difference [=] Volt, E° is the standard potential [=] Volt, R is the
gas constant [=] J/K, T is the temperature [=] K, n is the number of electrons involved, F
is the faraday constant [=] C/mol and a; is the activity of the ion. This type of sensor is
unrelated to the substance volume. The most popular potentiometric sensors are those that
used to measure pH, NH4*, H* [81].

Amperometric/Voltametric sensor: is based on the current flow between the WE and the
RE. Amperometric sensors monitor the current response at a constant potential while the
voltametric sensors monitor the current flow at a range of different potential [82]. The WE
is considered to be the key component of these sensors as it is the electrode where the
RedOx reactions take place. RedOx reactions are directly affecting the electrodes and
consequently the whole sensor performance. Thus, researchers are trying to find new low-
cost and long-term solutions [83]. In some cases, they considered to be the most suitable
solution as they do not use a reference atmosphere [84].

Conductometric sensor: is based on the ability of a solution to conduct an alternating
current voltage is applied on the electrodes. The presence of ionic species results a
modified conductance that it is measured [85]. The most important advantage over the other

types is that they produced with low-cost thin film while no RE is required [86].
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2.5. Electrolyzers

In recent years hydrogen, used as a fuel, have become one of the most trending topics. However,
there is a common misconception about the role of the hydrogen. Hydrogen, unlike fossil fuels,
nuclear and renewable sources, is not a primal source of energy as the energy benefit of it is less than
the energy required to “mine” it [87]. Nevertheless, hydrogen can be used as an energy carrier that can
be produced from a wide variety of primal energy sources such as wind and solar. Producing hydrogen
from RES results no GHG emissions and therefore it is considered to be a promising strategy to reach
energy sustainability [88]. Nowadays, there are two main ways of hydrogen production: thermal (steam
methane reforming) and electrochemical (electrolysis). Among the chemical compounds that can be
used to produce hydrogen, alcohols and bio-ethanol seems promising [89]. The equations (2.10) and
(2.11) describe the reforming and electrolysis process respectively [90].

xCH, + yH,0 - yH, + zCO + (x — z)CO, (10)

H,0 > H, + 1/, 0, (11)

An electrolyzer is an electrochemical device that uses electricity to decompose liquid water into
hydrogen and oxygen gasses (electrolysis) as described above. An electrolyzer is consisted of two
electrodes, an electrolyte, and a directional current (DC) source. The splitting is taking place in
the two charged electrodes, where a reduction reaction is happening at the negatively charged
cathode and an oxidation reaction is happening at the positively charged anode as shown in Figure
8. The total electrochemical reaction consists of two separate reactions, the hydrogen evolution
reaction (HER) at cathode and oxygen evolution reaction (OER) at anode. At the cathode,
hydrogen ions consume the electrons that come from the source, while hydroxide anions are
reaching the anode and set their electrons free. To achieve high efficiency, catalysts are also
employed. Most common electrocatalysts used in electrolyzers are Pt, Pd, Ir, Pd and Ru. However,
these noble metals are too expensive and therefore R&D is underway to employ new synthesized

catalyst materials, with different structure strategies, for both the anode (OER) and the cathode
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(HER) reactions [91-101]. Pure water does not conduct electric current and therefore an electrolyte

is also used (such as H2SOa), while platinum is the most used electrode material so far [102].
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Figure 8. Illustration of an electrolyzer [103].

There are three common types of electrolyzers, based on the electrolyte used. However, the basic

function principles remain the same:

a)

b)

Alkaline electrolyzer cell (AEC): is the first electrolyzer ever used. It mainly uses
potassium hydroxide as electrolyte. AEC suffers from high corrosion rate and slow
electrochemical kinetics especially of the CE for (OER) in an acid solution. However,
AFC technology has been widely studied and it its cheap enough [104,105].

Polymer electrolyte membrane cell (PEMEC): uses a polymer ionic-conducting membrane
as electrolyte. The thin membrane is placed between the two electrodes reducing their
distance at its minimum. PEMEC is considered to be safer than AEC as it can operate
under high pressure conditions and no toxic electrolyte is used (as in AEC) [106]. PEMEC
are not currently widely used but due to the emerging electrolysis technology is expected
to expand its usage [107].

Solid oxide electrolyzer cell (SOEC): is using ion conducting ceramics as electrolyte
material. It is mainly used for high-temperature steam electrolysis (973-1273 K). Yttria-

stabilized zirconia (YSZ) is looking a promising electrolyte, while doping materials are
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tested to function at medium temperatures also [108]. SOEC is mainly used for its highly

theoretical efficiency [109].

2.6. Fuel Cells

Fuel cells (FC) are electrochemical devices that convert the chemical energy of a fuel (H2 or
hydrocarbon) into electricity. The main difference between a FC and a battery is the fact that a FC can
provide electrical energy as long as it is supplied with a fuel and an oxidant (mainly air). In contrast,
a battery can no longer provide electricity once the chemical energy is consumed. A schematic
presentation of a FC is shown in Figure 9. The idea behind a FC is to utilize the electron transfer from
high-energy reactant bond to low-energy product bond. To achieve that, a fuel and an oxidant enters
the anode and the cathode respectively, while an electrolyte solution is placed between them [110]. In
the anodic side, the fuel is separated into electrons and protons which follow different directions. The
electrons are moving via an external circuit, while protons are moving via the electrolyte. They are

both heading to the cathodic side where they recombine to produce heat and water.

Electrical Output

Fuel In Air In

Unused
Gas

4

Anode Cathode
Electrolyte

Figure 9. Illustration of a typical Fuel Cell [111].
There are five main types of fuel cells. They all function under the same principles but they are
categorized based on the electrolyte and the fuel used. Each one of them also presents different
efficiency and thus have different applications [112]. A short description of each type will be

presented while an extensive exploration of PEMFC follows in the next chapter.
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2.6.1 Alkaline fuel cell (AFC)

Alkaline fuel cell was the first FC ever employed to produce electricity. As the AEC, alkaline fuel
cell is also named after the alkaline electrolyte that it is being used. The most common alkaline
electrolyte used is aqueous KOH where OH" is the charge carrier, while the electrodes are mostly
made of Nickel. Those two are significantly reducing the total cost of an AFC [104]. The fuel used in
an AFC is typically pure hydrogen and it is supplied to the anode. Oxygen is used as oxidant, and it is
fed at the cathode. At anode, where the oxidation reaction takes place, hydrogen unites with the
hydroxyl anions resulting water and free electrons that travel through the external circuit to the
cathode. At cathode, where the reduction reaction takes place, oxygen, water and the free electrons
are united giving hydroxyl anions [113]. AFCs are functioning at low temperatures and due to their
“old-fashion” technology they are low-cost electrochemical devices. Lastly, glucose has also been
tested at an alkaline fuel cell and is gathering a lot of attention as it can produce 24 electrons during
its complete oxidation, which is a considerable high number. Further R&D is yet to be done, as glucose

cannot be easily oxidized [114].

2.6.2. Phosphoric acid fuel cell (PAFC)

Phosphoric acid fuel cells also use only hydrogen for fuel. However, PAFC can operate with
both pure hydrogen and hydrogen reformate gas mixture. This is mainly because, PAFC’s
temperature operation rage is set between 180-210°C. Due to the medium temperature range and
the electrolyte tolerance, carbon monoxide (CO), coming from the air does not significantly affect
the cell. PAFC utilize liquid phosphoric acid electrolyte (HsPOa), where H* is the charge carrier,
which is a stable proton conductor favoring protons to move for the anode to the cathode [115].
The electrolyte is contained in a thin porous matrix of silicon carbide (SiC) between two carbon-
based platinum electrodes [116]. Hydrogen, which is supplied at the anode, is oxidized and the
protons travel through the electrolyte while the electrons travel through an external circuit. At the

cathode, the protons and the electrons are reacting with oxygen providing energy and water.
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2.6.3. Molten carbonate fuel cell (MCFC)

Molten carbonate fuel cell (MCFC) has the largest fuel flexibility among the other, as it can
use hydrogen or hydrocarbons (mainly methane) or alcohols as fuel. That flexibility is mainly
based on the temperature at which MCFC work at (~650°C). MCFC were named after their
electrolyte as molten mixture of carbonates is employed in a ceramic (LiO-AlO2) matrix, where
COs7? is the charge carrier [117]. The most interesting characteristic of a MCFC is that CO and
CO2 behave as fuels and not as a degradation mechanism. Nickel (Ni) and its alloy with Chromium
(Cr) are mainly used as anode material while Nickel oxide (NiO) is used as cathode material [118].
The cathode is fed with air and CO». At the cathode oxygen which is contained in the air (~21%)
reacts with the CO2 resulting carbonates. Carbonate travels from the cathode to the anode through
the electrolyte where it is reacting with the hydrogen, which is supplied to the anode, producing
steam, CO- and electrons. CO2 can be used to supply cathode with a recirculatory system. Despite
that unique function principle, MCFC can only be used in stationary continuous applications

mainly because of the high temperature and the recirculatory system needed [119].

2.6.4. Solid oxide fuel cell (SOFC)

Solid oxide fuel cell (SOFC) is the FC which operate at the highest temperature range among
the other. As SOEC, solid oxide fuel cell also uses an ionic conducting membrane made of
ceramics, mainly of yttria-stabilized zirconia (YSZ) where O% is the charge carrier. As any other
high-temperature fuel cell, SOFC can also be fueled with reformate hydrogen gas instead of pure
hydrogen or methane and still work with no significant losses [120]. Oxygen, which is used as
oxidant, is getting reduced at the cathode to oxygen ions (O%) which travel through the electrolyte
membrane to the anode where it reacts with the hydrogen (and CO as a product of reformate
process). As a result, water and carbon dioxide molecules are generated at the anode, while heat
and electricity are also products of the reaction [110]. Most of the modern SOFC devices use nickel
yttria-stabilized zirconia and strontium-doped lanthanum manganite (La1xSrxMnQ3) as anode and
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cathode material respectively [121]. SOFC are considered to be the most efficient type of FC and
thus it will gather much attention at the foreseeable future. They can be employed at large scale
activities such as industry. However, research and development (R&D) is underway to find new
materials in order to reduce both the temperature operation range and electrolyte thickness that
will lead at higher marketability [122-125]. For that purpose, a new type of FC has emerged,
protonic ceramic fuel cells (PCFC), that use proton-conducting electrolytes. They are considered
as a SOFC subcategory because they have many characteristics in common. However, PCFC can
operate at lower temperatures (~500°C) and they produce water at the cathode instead of the
anode. PCFC ceramic electrolyte materials are usually doped perovskite compositions based on

BaCeOs3 and BaZrO3 [126].

2.6.5. Polymer electrolyte membrane fuel cell (PEMFC)

Polymer electrolyte membrane, also known as proton exchange membrane (PEMFC) is seems
to be the most promising fuel cell technology developed so far. It has already been manufactured
for portable applications and transportation [127]. They generally operate at low temperatures
(below 100°C). PEMFC are using a polymer membrane with high conductivity, mainly Nafion,
as the electrolyte where H* is the charge carrier [104]. As for the electrode materials, both anode
and cathode employ platinum (Pt) based on carbon (C) due to its high catalyst performance.
However, Pt electrodes are really expensive and therefore new catalysts, some of them exhibit
even higher than 0.44 A/mg at 0.9 V, are under development [128-131]. At the anode, hydrogen is
oxidized and as a result the protons pass through the membrane to the cathode, while electrons
are moving through an external circuit. At the cathode, oxygen meets the protons and the electrons
and water is composed as the only product of the total reaction [132]. There are other types of
PEMFC that use different fuel such as methanol (DMFC) and ethanol (DE-PEMFC) however they
exhibit slower kinetics than PEMFC [133,134] and higher catalyst loading is needed, meaning that

they also have higher cost [135].
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CHAPTER IlI

3. PEM FUEL CELL FUNDAMENTALS

3.1. Overview

PEMFCs are used for a wide variety of applications, particularly for providing energy in vehicles.
As a consequence of the high interest in these cells and in hydrogen, investment in PEMs in the last
decade easily exceeded all other types of cells. PEMFC have some comparative advantages in real

life application as they:

Employ a solid polymer electrolyte

Operate at low temperature range which allow them to start quickly and operate safely

Release no carbon emissions when they are fueled with pure hydrogen

Present high efficiency and high energy density

Although significant development has taken place for PEMFCs for stationary applications, many
developers are now focusing on portable use. A single PEMFC cannot result more than 1V and
therefore, numerous PEMFC are usually used as a stack (in parallel or in series) [136]. Figure 10

presents a typical single PEMFC.
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Figure 10. Schematic illustration of a typical PEMFC [137].
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The two main components of a PEMFC are the bipolar plates (also known as flow-field plates)
and the membrane. The bipolar plates are shown in Figure 10 as two grey plates. Their main role
Is to feed both the anode and the cathode with the fuel and the oxidant respectively through flow
channels [138]. Besides that, bipolar plates must also be able to remove the resulted water in a way
that will not cause a flooding. The design of proper bipolar plates is quietly challenging as it
should present high chemical stability, low weight and volume and low cost [139]. The polymer
exchange membrane of a PEM fuel cell, not only plays the role of the electrolyte, facilitating the
passage of protons from the anode to the cathode but also carries the two electrodes, which are
composed by catalyst layers and gas diffusion layers at each side (membrane electrode assembly,
see Section 5.2. Membrane activation). The catalyst layers (CL) are where the electrochemical
reactions take place, while platinum (Pt) and its alloys has found to be the optimal choice [140].
The polymer membrane should exhibit remarkable proton conductivity, preventing the gas
crossover and presenting high chemical stability. One of the most used polymers is Nafion [141].

The polymer membrane is the determining factor of a PEMFC performance and lifetime duration.

3.2. Working principles of PEMFC

A typical PEMFC is fueled with hydrogen at the anode, while air is used as oxidant at the
cathode. As it was already mentioned, the membrane which plays the role of the electrolyte is
sandwiched between the two electrodes, one at each side. At the anodic side, the hydrogen is
oxidized (H2s2H*+2e). It is firstly adsorbed at the free sites of catalyst and eventually releases
two electrons. The formed proton hydrogen (H") travels through the solid electrolyte to the
cathode while the free electron (e) travels through an external circuit. At the same time, as air
enters the cathodic side, oxygen which is contained in the air, is adsorbed at the catalyst surface.
This adsorbed oxygen then meets the hydrogen protons and the free electrons that reach the
cathode forming water molecules (%02+2H*+2e">H>0) that are then removed. As it can be easily

understood the two reactions can occur on three phases boundary (TPB) where, an ionic conductor
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(solid polymer electrolyte), an electron conductor (catalyst) and reactant gasses phase come in
contact as shown in Figure 11 [142]. The resulted water must be removed as it blocks that triple
phase contact. CL must possess a large triple phase boundary zone to boost the total performance

of the cell.

Figure 11. lllustration of a three-phase zone [143].

Anode reaction (HOR)

During the HOR, the hydrogen is decomposed into electrons and protons. However, the anodic
electrochemical reaction is quite complicated and involves several steps. That being said, the
reaction is principally controlled on the slowest step. Using Pt as a reference anodic catalyst the
mechanism can be describes as:

2Pt + H, = 2Pt — Hy 45 (12)
Pt —Hyys » Pt+ HY + e~ (13)

The hydrogen is firstly adsorbed on two platinum free sites through dissociative chemical
adsorption and finally the dissociated hydrogen is oxidized electrochemically. The adsorption of
hydrogen is the rate determining step for HOR as it shows the slower kinetic rate. In general, the
HOR presents high kinetic rate and as a result, low mass loading of platinum catalyst can also be

used (less than 0.05 mg/cm?) reducing the total cost.
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Cathode reaction (ORR)

On the other hand, the ORR which is the rate determining reaction exhibits slow kinetic rate.
In fact, ORR is five times orders slower than HOR and it is responsible for half of the voltage
losses during operation [144,145]. The ORR mechanism is even more complicated than the HOR
and it is a subject of massive research. There are two main pathways for the ORR to take place in

a PEM fuel cell as shown in Figure 12.

K, (+4e7)
diff kp(+2e7) Kk, (+2e°)
o,— O, (ads) = = H,0,(ads) > H,0
Ko(-2e7)
ke | | Ks
k4 H202

Figure 12. ORR mechanism on noble metal catalysts [143].

According to the first mechanism, the adsorbed oxygen can directly form water molecules with a
four-electron involving reaction. Following the second pathway, the adsorbed oxygen is reduced
by forming hydrogen peroxide (H20), as an intermediate specie, with a two-electron involving
reaction. The hydrogen peroxide can then use different paths. It can be oxidized back to O or
further reduced to H20O involving two-electron reaction or decomposed in H>O and O.. Finally,
H20- can also be desorbed into the bulk and vice versa. The formation of H>O2 not only reduces

the total performance of a catalyst but it can also proves damaging for the catalyst itself.

3.3. Thermodynamics and voltage losses

A very common way to examine a fuel cell performance is by using polarization curves.

Polarization curve shows the voltage output of a FC versus current density loading (see Figure 13).
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Figure 13. Typical fuel cell polarization curve at 25°C, 1 atm [146].

The theoretical potential, which refers to the reversible cell potential, can be calculated by the
following equation [147]:

AG Gproducts_Greactans

Epp=—"=— — (14)

where n is the number of electrons per molecule of hydrogen (typically n=2), F is the Faraday’s
constant, AG is the Gibb’s free energy of formation per mole difference between the products and
the reactants (hydrogen and oxygen respectively) and E is the theoretical FC potential. Gibb’s
free energy is directly affected by the temperature and the pressure; therefore, the thermodynamic
potential is not the same at any given temperature or pressure. The reversible standard potential
(theoretical fuel cell potential) of a Ho/O2 PEM fuel cell is 1.23 V per mol of Hy, calculated at
25°C operating temperature and 1 atm [148]. Even if the theoretical potential is determined as
reversible, the actual open circuit voltage (OCV) of a PEM fuel cell is always lower than that
indicating an irreversible voltage loss. When a load is applied to the FC, current starts to flow
through the external circuit, resulting to a further voltage drop. Following the two latter points,

the voltage losses can be attributed to three main phenomenon which are further describe above.
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3.3.1. Activation polarization losses (AVact)

Activation polarization losses refer to the voltage losses which are caused by the slow kinetics
at both the anode and the cathode. In other words, a portion of voltage is used to overcome the
activation energy for the reactions. These losses dominate the low current density region of a
polarization curve. The overpotentials at the anode and the cathode are called activation
polarization and they are symbolized as Nacta and Nact,c respectively, where [148]:

Nact = Nact,c T Nact,a (15)
As we have already mentioned in previous paragraph, ORR is the sluggish reaction of the cell and
therefore it needs much higher activation polarization than the HOR, which is quietly fast reaction.
Therefore, the anodic activation polarization loss can be neglected. As the activation losses can
now be determined by a single reaction, it can be described by the Butler-Volmer equation, where
Nact (activation overpotential) is calculated by:

Nace = —=—In(io) +——In (i) (16)
where R is the universal gas constant, T is the temperature of the cell, a is the charge transfer
coefficient, n is the number of moles involved, F is the Faraday constant and i, is the exchange current
density. The exchange current density is an indicator of the rate at which the reactions take place. The
higher its value, the lower the nat. The above equation can be reduced to Tafel equation [149]:

Nger = a + blog (i) a7
Where a and b are kinetic parameters. b is known as Tafel slope, and it will be further explained

in Section 4.4. Linear sweep voltammetry (LSV).

3.3.2. Ohmic polarization losses (AVohm)

Ohmic losses refer to the voltage losses caused by both the resistance to the electron flow and
the resistance to the proton transportation. These are referred as internal ohmic resistances and
they dominate the linear region of the polarization curve. Ohmic polarization (nonm) can be

expressed by the Ohm’s law as follows:
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AV =i X Ropm (18)
where i is the current density [=] Ampere/cm? and Ronm is the internal resistance of the cell [=]
Q*cm?. The internal resistance of the cell includes both the electronic and ionic resistance and it
can be expressed as:

Ronm = Reec + Rionic (19)
The ionic resistance dominates the Ronm as it is much larger than the Relec. TO reduce the Rionic thin

membranes can also be used, however there are some limitations due to the fuel crossover [150].

3.3.3. Mass transport losses (AVmt)

During a PEM fuel cell operation, the cell continuously consumes the supplied fuel and oxidant
to produce electricity. However, at high current densities the two gasses are consumed faster than
the rate of supply. As a result, a voltage decline can be seen in high current density region at the
polarization curve. The losses are even higher when the supplied gasses are not at its pure form
(air instead of pure oxygen). Moreover, the water removal from the cathode can also affect this
region of the graph. The current density at which the concentration of the reactants become zero
is called limiting current density (i.) [151].

Combining the above information, it can easily be understood that the actual cell voltage (V+c)
can be calculated as [110] :

Vic = Etherm — AVact — AVonm — AVt (20)
where activation and mass transport losses occur at both electrodes, while ohmic losses are mainly

occurs at the electrolyte.

3.4. Carbon monoxide poisoning

As it was already mentioned, PEM fuel cell is gathering a lot of attention over the last few years,
and they have finally reached the commercialization phase [152]. The highest performance is

achieved by supplying the cell with pure hydrogen at the anode and oxygen (or air) at the cathode.
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However, the cost of pure hydrogen production through electrolysis is currently too high (see
Section 2.5. Electrolyzers). Therefore, the dominant method of hydrogen production is via stream
reforming (primarily natural gas) [153]. The reformation process of a hydrocarbon results a rich
hydrogen gas containing 1-2% CO. A PEM fuel cell, which mainly operates at low temperatures,
cannot tolerate that amount of CO and for that reason, a process known as preferential oxidation
(PrOx), can be used to reduce the containing CO at reformate product at 50-100 ppm [154].
Nevertheless, even that small concentration of carbon monoxide causes critical performance losses

compared to pure hydrogen supply performance.
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Figure 14. Schematic presentation of CO action in a PEMFC [155].

CO molecules block the active sites of platinum catalyst and therefore, the hydrogen adsorption
and oxidation cannot be easily occurred (see Figure 14). As a result, the performance of the cell
is reduced. That degradation mechanism is known as CO poisoning, and it will be further

investigated in the next paragraph.

3.5. Poisoning mechanism

In Section 3.2. Working principles of PEMFC, the anode reaction steps were deeply discussed
in case of pure hydrogen supply. However, when reformate hydrogen is supplied, the anodic catalyst

behavior is not the same. Carbon monoxide is competing with the hydrogen molecules for the free
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sites of the catalyst [156]. In normal operating conditions, CO is preferred by the platinum as it can be
adsorbed more easily [157,158]. As a result, catalyst surface is slowly covered by CO which is attached
on catalyst sites and blocks the hydrogen adsorption and oxidation. CO can be adsorbed with two

different ways forming either linear or bridge-bonded species [159,160] as shown below:

O
C (21)
|
CO + Pt —» Pt (linear-bonded)
O
Il
L (22)
A
CO+PtPt = PiPt (brnidge-bonded)
00
(Il
HH cC (24)
|| |
COCO + PtPt — PPt + H, (linear-bonded)
0
HH .
| | C (25)
PAY

CO+PtPt —® PiPt +H, (bridge-bonded)

It is known that when low percentage of the catalyst is covered, the bridge-bonded species are

dominant, while linear-bonded species are dominant at high percentage of CO coverage [161,162] .

3.6. CO tolerant catalysts

One of the most practical ways to reduce CO poisoning effect on a PEMFC has been
considered the replacement of Platinum with other catalysts. After a long time of R&D it has been
found that the binary Pt alloys are more tolerant to CO poisoning that pure Pt. The most selected
elements that are used to form alloys with Pt in such catalysts are Ru, Sn, Pd, Mo, Ni [143]. As

Adams et al [163] showed, when Pt-Ru alloys were used as anodic catalyst , the cell presented
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lower cell voltage losses than using pure Pt during H2/100 ppm CO supply at the anode. The
alloyed catalyst must present both high HOR activity and low overpotential during CO poisoning
[164]. Both the bifunctional and electronic properties of the alloyed catalyst increase the CO
tolerance level of the cell. More specifically, the electronic behavior of the alloy affects the CO
adsorption at low potential values while bifunctional behavior plays a major role in reducing CO
coverage at higher potential values. Due to the electronic behavior of the catalyst, the formatted
bond between the platinum and the carbon monoxide weakens by adding an alloyed element,
while bifunctional mechanism favorize the formation of hydroxyl species at lower potential than

the pure Pt [164].
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CHAPTER IV

4. ELECTROCHEMICAL TECHNIQUES

4.1. Cyclic Voltammetry (CV)

Cyclic Voltammetry (CV) is one of, if not the most, popular technique used in electrochemistry,
giving the opportunity to obtain a large amount of both gquantitative and qualitative data about
electrochemical systems [165]. In this method the potential of the system is cyclic scanned between
two chosen voltage values V1, V2 (upper and lower bounds) monitoring the current in this region.
The potential is swept with a constant slope (varying between 1 and 100 mVs™) as an excitation
signal with a triangular potential waveform (see Figure 15) [166] . The plot of the current versus

that potential is called voltammogram. A classic cyclic voltammogram is illustrated in Figure 16.
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Figure 15. Typical triangular voltammetry potential waveform [166].

To have a deep understanding of CV we need to consider the influence of the applied potential
on the electrode’s surface. Initially, before the scanning process begins, the potential of the
working electrode is such that it does not cause any electrochemical reactions (equilibrium). Once
the scanning starts, the potential is being increased (or decreased) until it reaches the given
potential values. As a result, oxidation (or reduction) of reactants kicks in while an anodic (or
cathodic) current appears. As the potential is increased (or decreased), there is an increase (or
decrease) in the anodic (or cathodic) current due to the faster reaction kinetics. The anodic (or

cathodic) current is maximized at the time the voltage approaches such a value that all the reduced
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electrochemically active elements are being consumed. Subsequently, the current declines, even
though potential still increases, as the double-layer expanding, blocking the adsorption of the
electrochemically active species. Hence, an anodic peak is shaped on the voltammogram (see
Figure 16). Eventually, the potential approaches the upper bound, where it starts sweeping in the
opposite direction (all the way from V2 to V1). Throughout the reverse process the oxidized (or

reduced) elements react ,forming a cathodic (or anodic) peak [143].
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Figure 16. Cyclic VVoltammogram [165].

The Figure 16 has the following parameters:

e Epa, Epc: Cathodic peak potential, Anodic peak potential

Total current separated into capacitive and faradaic current:

Total Current measured= Faradaic current + non-Faradaic current

e Capacitive current (non-Faradaic current): When no electrochemical reaction takes place. It is
related to the charge movements near the electrode surface (double-layer charging) [167]

e Faradaic current: Is the result of the electron transfer with the electrode surface.

e ipa, ipc: Peak currents (Anodic, Cathodic). The positions of these peaks do not alter with the
potential scan rate (slope shown in Figure 15) provided that the electrochemical reactions are

reversible. If this is so, ipa,ipc are calculated by the following equation:

ip = (2.69 x 10°)n3/24D"Y?p1/2C (26)
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where iy is the peak current [=] Ampere, n is the overall number of electrons transferred/molecule, A
is the surface of the electrode [=] cm?, D is the diffusion coefficient [=] cm?/s, v is the voltage scan rate
[=] V/s and C is the concentration of the electrochemical active specie [=] mol/cm®. Cyclic
voltammetry is the most common tool used to characterize a new and unstudied electrochemical
system. Several voltage cycles can be conducted in order to define the system stability and provide
data about both the working electrode and the electrochemical reaction that take place. More precisely,
a cyclic voltammetry diagram reveals the potential values at which the active species-is are being
oxidized (or reduced) at the working electrode surface during the oxidative scan (or reductive scan) by
creating the anodic (or cathodic) peak potential Epa (O Epc) [168]. Last but not least cyclic voltammetry

can also reveal the electrochemical active surface area that will be further discussed in Chapter VII.

4.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a technique that measures the impedance of an
electrochemical system at a range of different frequencies [169]. As distinct from resistance, that indicates
the opposition to a DC flow (Time Domain), impedance indicates the opposition to an AC flow
(Frequency Domain). Therefore, a small AC perturbation, at different frequencies, is applied to the
system measuring and recording the response. Those measurements give the opportunity to disassociate
the impact and the efficiency of the components of an electrochemical system without taking apart the
cell in the first place. That being the case, EIS is the most dominant method of determining different
contribution, caused by different phenomena (mass transport, reactions that take place on the surface of
the electrode, double layer formation) to the overall cell impedance [170].

To better understand how an EIS measurement works, we firstly need to take a closer look at the
following steps. At the start, a sinusoidal potential (or current) signal of known frequency and magnitude
is applied to our pseudo-linear system measuring the amplitude and the phase-shift of response current
(or potential). (See Figure 17). Rather than recording the response at a specific frequency, frequency

sweep occur monitoring the impedance for different values, reflecting the term ’spectroscopy’” [171].
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Figure 17. Sinusoidal waveform signal/response [172].
Where:
e V(1) is the perturbation (potential) signal expressed as dependent function of time (5.2).
V(t) =V, X sin(wt) 27)
e Vo is the magnitude of the potential.

e o is the angular frequency [=] radians/second. The relation between « and frequency (f
[=] Hertz) is given by:
w=2XTmTX f (28)

e I(t) is the response signal (current) considering a pseudo-linear system:

I(t) = Io X sin(wt + @) (29)

¢ lo is the magnitude of the current.
e ¢ is the phase-shift angle.
Taking into consideration Viand I, the impedance (Z [=] Ohm) of our electrochemical system is

given by the generalized Ohm’s law:

_ M _ Voxsin(wt) sin (wt)
T Ioxsin(wt+¢) - sin (wt+¢)

= Zoel® (30)

The resulting Z can be expressed as a complex number, where it consists of two components, the
real (Z”) and the imaginary (Z’’) component using Cartesian complex plane (see Figure 18):

Z(w) =Z'+jz" (31)
and its phase-shift angle:

tang = 2~ (32)

Z
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Figure 18. Vector of impedance as complex number; X refers to the capacitive behavior
(imaginary part), R refers to the resistance behavior (real part) [173].

There are two common ways to exhibit the measurements of an EIS: a) Bode plot that show the phase
and magnitude modifications, b) Nyquist plot that show the plot of Z* versus Z’* recorded at different
frequencies. In this work Nyquist plot will be selected, as it reveals insight information about the
phenomena and the parts that take place in the reaction [172].

Study of EIS technique is usually performed by matching the data to an equivalent electric
system. An equivalent system is consisted of resistances (R), capacitances (C) and inductances
(L) which result the same current (or potential) when the same potential (or current) is applied.
That system must have at least an electrolyte resistance , a double-layer capacity and the
impedance of the Faradaic of non-Faradaic process [174]. One of the most usual and simple
equivalent system is a Simplified Randles circuit. Despite its ’simplified’’ term, that system has

been widely used to simulate a variety of complex electrochemical circuits [171]. (See Figure 19)

Ca

Rel

Rct

Figure 19. Simplified Randles cell [174].

Where:
e R is fitted to the electrolyte’s resistance. Electrolyte resistance plays a big role in the

impedance of the fuel cell. The resistance of the solution is mostly depends on the

temperature, the surface , ionic concentration etc [175].
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e R is fitted to the charge transfer resistance. That resistance refers to the blockade which the
electron must overcome through the electrode surface to the electrochemical active species,
or from the electrochemical active species trough the electrode. Rt is inversely related to the
overpotential. The bigger the overpotential, the lower the charge-transfer resistance [174].

e Cq is fitted to the capacitance of the double-layer formatted. That double-layer exists in
the interface between the electrode and the electrolyte, and it is formed as ions from the

bulk solution adsorb on the electrode. The ions are distinguished by a neutralizing space.
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Figure 20. Nyquist plot of a simplified Randles cell [174],[176].

As Figure 20 shows, the Nyquist plot of such a cell is always semi-circle. Remarkably, as shown
above, those diagrams can reveal some important values for our equivalent system. At high
frequencies the contribution of the double layer capacitance on the total impedance is negligible, as a
result the measured impedance meets Re.. Moving on lower frequencies the impedance is calculated
between Rel and Rct+ Rel. At the low frequencies’ region, where arc of the plot intercepts with the real
axis of impedance, the total impedance is Ret+Rel. Consequently, the high frequency is linked with the
solution resistance, whilst the low frequency is linked with the resume of the two resistances. The

corresponding frequency of the maximum value of -Zin is called characteristic frequency ..

4.3. Chronoamperometry (CA)

Chronoamperometry (CA) is one of the simplest techniques and yet a reliable method to
analyze electrochemical reactions and cells. CA is a step technique, meaning that a single potential

step is applied at a specific time t=0 recording the current response versus time [176]. To evaluate
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in depth how a chronoamperometry works, we first need to consider a cell where the following
charge transfer reaction takes place (see Section 2.1. Electrochemistry):

O+ne” <R (1)
At first, voltage is such that O that the reaction does not occur and therefore no electrons are
transferred. Then a step voltage change occurs (E > Eo) and the reaction starts on the electrode’s
surface leading to a current flow mainly controlled by the diffusion phenomenon [177]. In this
case the current flux follows Cottrell equation:

i(t) _ nFAgw

(33)
where i is the time-dependent current recorded [=] amperes, n is the number of electrons that
participated in the reaction, F is the Faraday constant [=] C/mol, A is the electrode’s surface [=]
cm?, ¢ is the concentration of the electrochemical active species [=] mol/cm?, D is the diffusion

coefficient [=] cm?/s and t is the time [=] second. Figure 21 illustrates the above-described

phenomena for a planar shaped electrode surface:

. increasing time

0 ¢ 00 L 00 e

(a) (b) (©)
Figure 21. (a) Applied potential step versus time, (b)current output versus time, (c) concentration

versus distance near electrode surface [29].

After the applied potential step at t=0, the potential can be either preserved at the same level or it
can be also changed to a new level at a future time (t=t).
The last-mentioned method is called double step chronoamperometry. The response, here, is

examined as a reversal method [178]. Figure 22 shows a typical diagram of a double step CA.
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Figure 22. Double step potential technique: (a)potential excitation signal, (b)current response [29].

t

Chronoamperometry, both single and double step is commonly used for studying the reaction
Kinetics, absorption, and adsorption. In general, chronoamperometry is also used to study the

required time that the system needs to stabilize after the potential is stepped to a new value.

4.4. Linear sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) is a very similar technique to Cyclic voltammetry (CV).
Both techniques apply voltage across the electrochemical cell and measuring the current that flows
because of that applied potential. Unlike CV, LSV is not cycling the potential value between the
two specific boundaries. The potential is ramped up (or down) linearly in a single direction, from
a lower (or higher) given voltage to a higher (or lower) given voltage, monitoring the current

response through time (see Figure 23).

Voltage
A

V2 """"""""""""""

Increased
scan rate

= Time

V1 -------------------------------

Figure 23. Linear sweep voltammetry [179]
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Due to its simplicity and convenience LSV is one a basic method to characterize a new membrane
[180]. The resulted plot of voltage versus current is called polarization curve and it is widely used
to evaluate the performance of an electrochemical cell. The data extracted by a LSV measurement
are the voltage, current and time. This information can be used to create a Tafel plot using Tafel
equation. The Tafel equation relates the tested overpotential to logarithmic value of the current
density, i [=] ampere per cm?:

n=%lnio—z—glogi (16)
where n express the overpotential applied (n = E — E,). That equation can be further simplified
as follow:

n=a+blogi 17)

where a and b are constants. By plotting the overpotential versus the logarithmic value of the current
a linear graph is extracted (see Figure 24). By doing so, two important parameters, for the evaluation
of the catalyst can be obtained from the graph: (a) the exchanged current density (io) that could be

extracted by replacing n=0 and (b) the Tafel slop, which is a useful diagnostic tool.

F 3

Slope: b,> b,

Log i
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/
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v

Log i
Figure 24. Tafel plot [181].

The Tafel slope is indicative of the electrode’s kinetics. The bigger the slope is, the slower the kinetics
are. Taking Figure 24 as an example, we can assume that the current is not increased with the same
ratio for a given overpotential in the case bl and b2 [181]. For the most part of electrochemistry, it is

desired to have an increased current flow from a reaction with low overpotential changes.
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CHAPTER V

5. EXPERIMENTAL PART

5.1. Experimental Apparatus

All experiments were performed on a single PEM cell to evaluate and compare the activity of four
different anode catalyst layers during CO poisoning degradation. The measurements were executed by
using anode both as the counter and reference electrode, while the cathode served as the working
electrode. The equipment used in the present work is shown in Figure 25. The gases that were used are
hydrogen, carbon monoxide, nitrogen and oxygen. They were supplied through a mass flow controller
(MFC) to accomplish the desired flow rates. Before entering the cell, the gasses were humidified to
ensure membrane ionic conductivity. The humidifiers were connected with a recirculator that circulate
distilled water at a given temperature. The cell was warmed up to the desired temperature by using a
rheostat and a thermocouple to adjust and record the temperature. Finally, recording the response, an

AMEL 7050 potentiostat/galvanostat, connected with a personal computer, was used.

Mass flow control

Humidifiers Recirculator

H2 CO N2 02

Water/Gas Outlet

L e

Figure 25. System illustration setup
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5.2. Membrane activation

The MEA (Membrane electrode assembly) is the key point of a PEMFC. There are two different
ways to construct a MEA (see Figure 26), leading to the same similar structure composed of: (a)
The anode and the cathode diffusion layers, which main role is to diffuse the gasses to the catalyst
layers and remove the produced water at the cathode, (b) The anode and the cathode catalyst layers,
where the reactions take place and current is generated and (c) the membrane that behaves as a
typical electrolyte, facilitating the passage of the protons from the anode to the cathode [182].The
tests were all carried out on a MEA with an active electrode area of 5 cm? , while Nafion 115 was
used as the solid electrolyte. The four different MEA compositions used were: MEA 1: Pt/C (0.2
mg/cm?)| Pt/C (0.2 mg/cm?), MEA 2: PtPd/C (0.04 mg/cm?)| Pt/C (0.04 mg/cm?), MEA 3: PtPds/C

(0.04 mg/cm?)| Pt/C (0.04 mg/cm?), MEA 4: Pt/C (0.04 mg/cm?)| Pt/C (0.04 mg/cm?).

DiHUSion Layel' Cathode
\‘\‘ '.
LI SRR e  Nafion®
CCM e AT OO Membrane
4 MEA A
4.-;__,? Nialsisisishiii
(a)Diffusion Layer (b) Anode

Figure 26. Illustration of a membrane electrode assembly fabrication

A new, unused MEA does not achieve its peak performance and that is the reason it must be
“’activated’’. The terms break-in, conditioning and activation have all been used to report the above
scope. The activation process is the first operation of the MEA, where the performance
progressively improves until reaching a maximum and constant level. The duration of this process
is well known as the break-in time. As we mentioned above, ‘’conditioning’’ has also been used,
but is mostly refers to a recovery process for a reused MEA [183]. During the break-in procedure the
MEA is hydrated, the impurities are removed from the catalyst layers, the pathways for the reactants

to approach catalyst are formed and eventually the cell’s performance is stabilized [184]. Defining
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new and efficient ways to minimize the break-in will be a game-changing step towards fuel cell
manufacturing. In the past few years numerous break-in approaches were studied to maximize
power density and durability of a MEA, involving voltage scanning/stepping, constant current
applied and others. Two reviews that summarize the knowledge about activation were considered
for this work. The first one was introduced in 2011 by Yuan et al. [185] and the second one is from
2013 by Zhiani et al. [186]. Those reviews investigated the application of constant voltage, cycling
voltage and constant current during break-in. It was found that a constant current application is not
as effective as the application of constant voltage and potential cycling, as the main goal of break-
in is the hydration of MEA and the removal of impurities. Yuan et al. used constant voltage ~0.6 V
until constant current is obtained.

In this work activation took place by (a) chronoamperometry at 0.55 V until obtaining stable
performance the anode supplied with humidified H> and the cathode fed by O at and (b)cyclic
voltammetry between 0,05-0,85 V, while hydrogen and nitrogen were provided to the anode and
the cathode respectively, at a scan rate of 100 mV/s to restore the active sites until no further

improvement is recorded.

5.3. I-V polarization curve

All the I-V curves were carried out by ramping up the voltage from open circuit voltage (OCV)
to 0,3V at a rate of 5.0 mV/s. The polarization curves were taken by providing the anode with
humidified Hz (fuel cell and Hz pump test) or Ho/CO (fuel cell test) which was used as dynamic
hydrogen reference electrode (DHE). At the same time, the cathode was supplied with humidified
O> (fuel cell operation) or Ho/CO (H. pump operation) to compare the behavior of the cell before
and after poisoning degradation. Anode and cathode gasses were supplied with 80% relative
humidity (RH) and at ambient pressure. The results of this method shown in Chapter VII are

emerged as the average curves of 4 different measurements for a more valid graph.
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5.4. Cyclic Voltammetry experiments

The Cyclic Voltammetry is adopted to evaluate and compare the electrocatalytic performance
of the catalysts. It is mainly used to define and compare the electrochemical surface area (ECSA).
ECSA refers to the electrochemical reactivity capacity of the MEA, which is mainly declined due
to impurities, poisoning and nanoparticles aggregation. The ECSA active centers that are available
for the electrochemical reaction to take place. The bigger the electrochemical surface area the
better the catalyst performance [187]. To calculate the ECSA, an inert gas, nitrogen is supplied to
the cathode of the fuel cell and hydrogen is supplied to the anode. Afterwards, a voltage scanning

is applied between 0.05-1.2V at 50 mV/s scan rate.

5.5. EIS experiments

Electrochemical Impedance Spectroscopy is a useful tool to define transport losses, the ohmic
resistance, electrode properties (e.g., resistance to movement of charged particles), capacitance
and MEA performance [188]. In the following chapter, the tests were carried out by an AMEL
7050 in potentiostatic mode. The impedance spectra were monitored in the frequency range of
10000 Hz to 0.01 Hz around open circuit voltage. To authenticate the impedance spectrum, the
cell must be stable during the EIS measurements. The MEA had already been activated before the
EIS measurement followed by a voltage cycling to achieve a steady state and maximum
wettability. During those measurements, 80 ml/min Hz was fed to the anode electrode, while 80

ml/min with 100 ppm CO/H> was fed to the cathode electrode.

5.6. Effect of temperature and relative humidity

PEM fuel cells operating conditions have a significant contribution to the performance of the
cell. In that sense, it is crucial to know the optimal conditions that lead to the maximum desired
outcome. For that purpose, the cell was tested while differing two main operating conditions, the
temperature of the gases/cell and the relative humidity of MEA. Temperature is known to affect

the efficiency and durability of the PEM fuel cell. Specifically, an increasement in operating
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temperature results also to an increasement in the power production of the cell but decreases the
durability of the PEM [189]. As for the relative humidity (RH) level , it is known that RH reduction
leads to a higher membrane resistance ,thus, a lower proton conductivity in the catalyst layers
while reducing the electrode kinetics [190]. However, high humidity levels may lead to water
flooding, setting an upper limit at the RH value. When that happens water droplets prevent the
flow of the gases through the channels. As a result, a rapid growth in mass transfer resistance
occurs decreasing the performance of the fuel cell. A certain level of RH, near saturation (~80%

RH) is suggested to achieve a high performance and it was chosen for our study [191]. The

temperature effect was examined in the range of 40-800C for optimization.
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CHAPTER VI

6. RESULTS AND DISCUSSION

6.1. Break-in/Activation

Each single MEA underwent the same activation process to evaluate its performance

improvement. As mentioned above, two activation steps were followed. At first, constant

voltage (0.55 V) was applied to the fuel cell while the gases of were supplied to the anode and

the cathode until stable current value was extracted (break-in). Following this, the voltage of

the cell was cycled from 0.05 to 0.85 V at 100 mV/s until stable reproducible cycles. Before

and after the activation procedure CV were performed at a scan rate of 50 mV/s between 0.05-

1.2 V. Polarization curves were used to evaluate the MEA performance before activation

process, after the constant voltage and eventually after the voltage cycling. From those

polarization curves it can also be calculated the power density curve versus current density.
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Figure 27. Polarization curves before break-in, after break-in, after break-in and cycling.
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For example, polarization curves of MEA 1 are shown in Figure 27 to make a comparison of the cell

performance before and after each activation step. More specifically, Figure 27 displays the potential

and power density as a function of current density throughout the activation process. The fuel cell was
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considered broken-in when the current density stopped improving versus time. As shown in Figure 27
the MEA was activated after the break-in accomplishing a better performance which can be attributed
to the hydration increase and the successful proton passage from anode to cathode [192]. The

performance improvement (P1) was humerically compared as:

PI = (M) x 100 (34)

initial
Where Pinitiar 1S the initial power density at 0.55 V and P is the measured power density after the break-
in. After constant voltage break-in procedure, the power density increased approximately by 65%
while cycling process has a further power density increase about 15% resulting to a total ~90%
increase due to the activation process. CV used to oxidize and detach the impurities of the MEA that
are considered as manufacturing defects [193]. As a result, the effective electrochemical surface
(ECSA) of the catalyst increases. CV technique was also used to calculate the ECSA. In Figure 28,
the upper peak at approximately 0.18-0,33 V indicates the hydrogen desorption phenomenon (Hges)
on the surface of the Pt electrode and the corresponding charge, while the lower peak at 0,15-0,28 V

of the descending voltage sweep represents the adsorption phenomenon (Hags).
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Figure 28. CV curves before and after conditioning at a scan rate of 50 mV/s.

Figure 28 shows differences of those areas with the increase of the cycles. At the final cycle the
adsorption region was placed between 0,09-0,3 V while desorption area was placed between

0,098-0,36 V. As it can be seen, those areas are now bigger than before indicating larger scale of
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adsorption/desorption. These areas, known as hydrogen region, are utilized for the calculation of

the electrochemical active surface.

6.1.1. Electrochemical Active Surface Area (ECSA)

The desorption and adsorption charges are calculated by integrating the corresponding peaks
as the charge transferring during the oxidation of Pt is closely relative to the hydrogen atoms
desorbed.

Hyy © H  +e” (35)
Theoretically, these two charges should be similar causing the same ECSA value. However,
studies have shown that reversibility can only be considered in an ideal impurity-free electrolyte.
Hence, the average area value of Hqes and, Hags Will be used to calculate the total charge transfer

and the electrochemical surface area (ECSA):

uc

cm? _ QH(Cm_z
ECsA (mg) L EDxeuiS) (36)

Where Qn is the average charge of Qads and Ques,, L is the metal load of the catalyst layer and Qmi
is the charge caused by the oxidation of a monolayer of H> per unit area. For Pt that value is set
at 210 pC/cm? and 205 uC/cm? for Pd [194]. Following the above formula, the electrochemical
active surface area before conditioning was calculated at 471,33 cm?mg while, after the
conditioning, it was raised at 833,33 cm?/mg. In accordance with the sources used above, this
increasement was expected. From Figure 29 it can be seen that the double layer charging region

(0.4V to 0.6V) was increased, revealing that the double layer charging was increased.
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Figure 29. CV curves adsorption and desorption areas used at the first and the last cycle for the
calculation of ECSA.

Moreover, the absolute value of the adsorption and desorption peaks were increased after the
conditioning process. This means that the conditioning process conferred better electrocatalytic activity.
For further information among the three polarization curves referred to each activation step an analytical

model was used to calculate and evaluate the two main overpotential losses (activation and ohmic).

6.1.2. Polarization curves analysis

The mass transport overpotential losses, related to the limitation of the reactants concentration
to sustain high current density values, can be neglected since the cell was constantly provided
with high mass flow at both the anode and the cathode side and the higher limit of the potentiostat
used which is around 1 A/cm? . To calculate the ohmic overpotential loss, we need first to calculate
the ohmic resistance Ronm. At medium current densities, ohmic overpotential losses rule the total
losses, resulting to a closely linear overpotential loss. In that range of the I-V curve, the Ronm can
be extracted by the slope of the curve [195].0hmic resistance was calculated by using a linear
fitting method and the pseudo-linear section at middle range current density values as shown in
Figure 30.The activation losses are dominant in low current density values and indicate the height
of the activation barrier. Activation losses are mainly dominated by the slow ORR that occurs in

the cathodic side.
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Figure 30. (a) Rohm and Ract obtained by pseudo-linear fitting, (b) Variation trends of Rohm
and Ract during break-in steps.

Ohmic resistance Ronmic, reduced step by step from 0.8452 Q - cm? to 0.528 Q - cm? with activation steps
followed as the process increases the hydration level of the membrane. This downward trend was also
followed by the activation resistance indicating a positive effect on the energy barrier of the ORR
reaction, which was decreased from 0.43976 Q - cm? to 0.11051 Q - cm? This performance
improvement can also be attributed to the increase of the ECSA. The performance gains are summarized
in the following Table 1.

Table 1:Performance results before break-in, after break-in and after cycling

Power Density Current Density | Max Power ECSA
. Rotmic (€m?) | Ract(€-cm?)
@0.6V (W/cm?) | @0.6V (Alcm?) Density (cm?mg)
Before break-in 0.1 0.1667 0.1616 0.8452 0.4397 NaN
After break-in 0.18981 0.3165 0.2661 0.57316 0.16 471.33
After cycling 0.2327 0.38788 0.30772 0.528 0.1105 833.33

6.2. Effect of temperature

The single PEM fuel cell has been performed at different temperatures (40°C ,50°C ,60°C,
70°C,80°C) using Pt/C (20% wt.) as catalyst a layer in both the anode and the cathode electrodes, at
constant RH~80%. Hydrogen and oxygen were fed at the anode and the cathode respectively while

voltage swept from the maximum current density (~1.2 Ampere/cm?) to open circuit voltage (OCV)

value.
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6.2.1. Polarization curves

I-V curves were used to characterize the effect of each operating temperature at the fuel cell
performance. Figure 31 shows the effect of temperature on the performance of the cell. As it was
expected, the performance is improved at higher temperatures due to better membrane proton

conductivity [196] and increased electrode kinetics for both the ORR and the HOR [197].
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Figure 31. Effect of Temperature on fuel cell performance.
However, as it shown, the performance decreases above 70°C. That may be explained by the
impact of the high temperature on a PEM fuel cell. High temperatures may cause the water inside
the MEA and the anode/cathode to evaporate at a vast rate. As a result, a dehydrated MEA will
cause reduced electrolyte conductivity and higher ohmic resistance while it can accelerate the
degradation of components leading to decreased PEM lifetime. These disadvantages outflank the
positive effects of improved kinetics, resulting to a mediocre overall performance [191][198]. These
measurements were used to select the optimal operation temperature for our system. For this

reason, all the experiments followed were conducted at 70°C.

6.2.2. Tafel analysis

However, the major effect of the temperature occurs in the activation part. That being the case, a

Tafel approach has been selected to further investigate these losses.
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Figure 32. (a) Ohmic resistance versus temperature, (b) Tafel curves obtained from Tafel plots.

As shown in Figure 32, both the ohmic resistance and Tafel coefficients were quantified. Tafel
slope is the main indicator of activation related losses while ohmic resistance is the main indicator
of ohmic related losses. The results of that quantification are shown in Table 2.

Table 2: Fitted and calculated parameters at each temperature level.

Temperature Fitted parameters Calculated parameters
T (°C) a (V) b (mV/decade) | Ronmic (Q- cm?) io (A/cm?)
40 0.44998 73.836 0.44 8.255 - 107
50 0.4175 70.282 0.43 1.1761- 10°®
60 0.40205 67.876 0.41 1.2232- 10°®
70 0.38844 65.89 0.39665 1.3183- 10°®
80 0.38631 62.955 0.41 7.49726- 10

As Ciureanu [199] and Husar et al. [150] has already found, the reduction on ohmic losses by
differentiating temperature is small. On the other hand, the Tafel approach reveal more significant
effect on activation losses. Specifically, Tafel slope seems to improve while temperature is rising
indicating faster kinetic process, especially on cathode that dominates the activation
overpotentials. Exchange current density (io) has found to be the most reliable indicator of
activation losses. As it is shown in Table 2, exchange current density increases as temperature is
rising. This positive effect of temperature is attributed to the increased thermal energy in the fuel

cell that raises the chances of a reactant to own enough energy to hit the activated state [198]. Thus,
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the improved reaction kinetics ,based on increased exchange current density, is the main reason

for any potential gain related to the rising temperature [200].

6.3. Electrochemical characterization of anode catalysts

Platinum based on carbon, one of the most common catalyst layers at PEM fuel cell, was selected as
the cathode catalyst to carry out all the experiments below, as it exhibits high ORR kinetics. Platinum
alloys with palladium are mainly used to increase the CO tolerance of the anodic side. Before studying
their behavior during H> pump mode, they are also studied at hydrogen fuel cell operation. Palladium

has been used as its lattice structure is close to the Pt’s lattice structure [201].

6.3.1. ECSA calculations
Thereby, cyclic voltammetry experiments were conducted to compare the electrocatalytic activity of
three different catalyst layers at the anode, including Pt/C (0.2 mgpyem?), PtPd/C (0,04 mgpipd/cm?) and

PtPds/C (0,04 mgpraarcm?) between 0,05 and 1.2 V at a scan rate of 50 mV/s (see Figure 33).
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Figure 33. Cyclic voltammogram of (a) Pt/C, (b) PtPd, (c) PtPds.

The anode was fed with humidified H, while cathode was fed with humified No.
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For Pt-Pd alloys the equation used was:

ECsA () = il (37)
mg/ L)X (XprXQpt+XpaxQpd) (Ley)

Where Xpt and Xpd are the atomic fractions of platinum and palladium respectively, Qut (=210 C/cm?
and Qpa (=205 C/cm?) are the charges as a consequence of a monolayer oxidation per unit area [194].

The electrochemical surface area for the three different catalyst layers is shown in Table 3.

Table 3: Electrochemical active surface area for Pt, PtPd, PtPd3

Electrocatalyst ECSA (cm?/mg)
Pt/C 833.33
PtPd/C 2890
PtPds/C 1370.42

It is calculated that PtPd/C has the highest electrochemical active surface area followed by PtPd3/C.
Some important parameters must also be considered to evaluate the catalyst layer activity such as
mass transport losses, mass loading carbon particle sizes etc [202]. The three-catalyst layers tested
have different mass loading values. The ECSA decrease with high metal mass loading could be
explained by assuming that a large amount of metal blocking the pores and declining the gas
permeability [203]. That may explain why PtPd and PtPds presents higher electrochemical active
surface area than Pt. Platinum based carbon catalyst used had 0,2 mg/cm? while the two alloys
were having 0,04 mg/cm?. The electrochemical characterization depending on CV can be enhanced
by extracting qualitative data from the curves shown in Figure 33. It can be seen that all three
catalysts follow a typical CV diagram. The voltammogram can be separated into three distinct
parts, the hydrogen region where the hydrogen adsorption and desorption take place at low
potential values, the double layer region, where no faradaic process occurs and eventually the
oxidation region where surface oxides generated and reduced at high potential values [204]. The
major differences from those CV graphs are based on (a)wider potential range of hydrogen

desorption/adsorption peaks, (b)higher current result. More precisely, Pt/C shows lower absolute
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value of Hz adsorption peaks compared to PtPd/C and PtPd3/C. The double-layer region is similar
to all three catalysts (~0.4 to 0.6 V) indicating similar behavior. At high potential region the
behavior of the three catalysts seems quietly the same. Oxide formation and reduction are
occurring around 0.8 V while Pt/C shows the less impacted catalyst from this procedure. This may

be explained by the fact that Pt has theoretically the highest ORR activity among other noble

metals including Pd [205],[206].

6.3.2. Polarization curves

Polarization curves were also used for further electrochemical performance characterization of
the three anode catalysts tested in this work, Pt, PtPd, PtPds. According to the literature Pt’s
performance is really good for the oxygen reduction reaction when it is utilized as cathode catalyst
layer. Similarly, the performance of Pt for the hydrogen oxidation reaction acting as anode catalyst
layer, is considerably high [207]. During the following measurements the performance conditions
were the same for each catalyst while the anode was fed with humidified H.. Figure 34 presents
both the polarization and power density curves of each catalyst. All three polarization curves are
in accordance with the general theoretical curve. They can be separated into three different regions

depending on the main voltage loss mechanism: (a) activation, (b)ohmic [208] .

1,2 0.40
——PtPd3/C (0.04 mg/em®) H
10 —PtPdiC (0.04 mgiem?) 0,35
' ——PY/C (0.2 mg/cm®) ]
|- 0,30
0,8 L "
= 025 ©
S [ =
< 064 o220 2
o [7)]
b= 3 c
s 3
E 0.44 -0,15 5
5
Loto O
02 L
L 0,05
0.0 — T 0,00

0,0 0,2 04 08 08 1,0 1.2

Current Density (Amperer‘cmz)

Figure 34. Performance curves on pure Hydrogen with anode catalysts consisting of carbon
supported Pt, PtPd, PtPds.

This region is called the concentration polarization region and it is not shown in Figure 34 as the

cell was constantly provided with high flow rate gasses [209]. The activation region is located at
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potentials above ~0.85 V while for both PtPds/C and PtPd/C the activation region is detected
above ~0.8 V. This may be an indication for higher activation energy required for the reaction at
PtPds and PtPd layer surface. The slope of Pt/C polarization curve, at the ohmic losses region,
compared to the other two catalysts, may also be a sign of lower MEA resistance. Besides those,
quantitative information, extracted from the polarization and power curves, numerical data can
also be extracted. The performance of each catalyst at 70°C is shown in Table 4.

Table 4: Performance test results with H2/02 at 70°C

Power density at Current density at Max power density
Catalyst Ronmic (Q-cm?)
0,6V (W/cm?) 0.6V (Alcm?) (W/cm?)
Pt/C 0.2544 0.4241 0.32875 0.5105
PtPd/C 0.158 0.2632 0.23233 0.6358
PtPds/C 0.1985 0.3308 0.26811 0.5871

As seen from Table 4, power densities and current densities at 0.6V of the Pt/C, PtPd/C and PtPds/C
were determined as 0.2544, 0.158, 0.1985 W/cm?and 0.4241, 0.2632, 0.3308 A/cm? respectively. The
maximum power densities were found to be 0.32875, 0.23233, 0.26811 W/cm? respectively. Those
result values are considered adequate, this is explained as an optimization process of Temperature had
already taken place. As it was mentioned before, metal loading plays an important role on the PEM
fuel cell performance. When high platinum loading is used, there is a fast reaction rate for ORR
resulting improved performance [202]. This is the main reason that pure platinum catalyst presents that
high power and current density values. This difference on metal loading among the three catalysts
makes the comparison of those three difficult. For that purpose, specific activity curves should be
introduced. Over the past few years, scientists have tried to use thinner membranes without having
significant current density losses. This lead to lower metal loading used at each MEA [210]. The current
density curve of each catalyst was divided by the respective mass loading and the resulted mass
activity curves are presented in Figure 35. One could maximize the performance of a PEM fuel cell

that use a thin film electrode by increasing the catalyst concentration.
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Figure 35. Comparison of cell voltages against mass activity for (a)PtPd3/C, (b)PtPd/C, (c)Pt/C.

Figure 35 shows the voltage losses against mass activity. Having said that, PtPdx (x=1,3) alloys
catalysts, with less catalyst concentration, clearly presents higher mass activity of platinum as
catalyst. This may have an impact on further study to replace the high-costed platinum catalyst

with platinum/palladium alloys.

6.4. HYDROGEN PUMP CELL

For the following experiments the cell was used with either pure hydrogen or hydrogen
containing carbon monoxide at the cathode, which still plays the role of WE and pure hydrogen
at the anode which play the role of RE, and CE used as DRE. This layout is called hydrogen pump
mode (also known as proton pump) [152]. The symmetrical hydrogen cell is mainly used as H>
purifier or compressor but also as a research tool. Here, the anodic hydrogen oxidation reaction
(HOR) takes place at the WE while the hydrogen evolution reaction (HER) takes place at the RE
and CE, resulting the passage of the hydrogen protos through the membrane to the cathode where
they are reduced. (See Figure 36)

Hydrogen Oxidation Reaction (HOR): H, —» 2H* + 2e~ (38)
Hydrogen Evolution Reaction (HER): 2H* + 2e~ — H, (39)

The tests were executed potentiostatically to monitor the anodic behavior.
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Figure 36. Illustration of a cell operating in hydrogen pump mode [211].
This setup has proved to be a very efficient way to study the conditions and the impact of carbon
monoxide poisoning on a single cell for two main reasons. Firstly, no masking effect of cathode is
occurred as the slow kinetics of the ORR is avoided by using hydrogen instead of oxygen at that side
of the cell. The HER presents fast cathode kinetics with low overpotential, for that reason cathode has
slight effect on the voltage-current curve allowing to monitor mainly the anodic behavior [212-214].
Secondly, there is no reaction producing water in the cathode, permitting the full control of the gas
humidification level on both sides. Water management is one of the main factors that affect the total
performance of a PEM fuel cell as surplus water cover some of the catalytic sites resulting low
performance [212]. In this work, carbon monoxide effect is the main purpose of investigation and

therefore any other degradation mechanism including water flooding must be excluded.

6.5. CO POISONING

The primary objective of this work is to examine the performance and the tolerance of carbon
monoxide for different carbon-supported catalysts. We will compare the CO tolerance of PtPd alloys
composed of different atomic fractions (Pt.Pds, PtPds) and Pt at two different mass loading (0.2 mg/cm?,
0.04 mg/cm?). To define the most tolerant catalyst under CO poisoning effect, the electrocatalyst’s
ability to oxidize CO adsorption at low potential, while the hydrogen oxidation ratio remains almost the
same, must be further studied. For that purpose, current-voltage (I-V) were carried out to examine carbon

monoxide adsorption and oxidation behavior. This graph reveals the dependence between the potential
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and the carbon monoxide adsorption/oxidation. In addition to that, electrochemical impedance
spectroscopy (EIS) measurements were also used to study some functional parameters. More
specifically, an equivalent circuit consisted of resistances and capacitances was used. Those resistances
were found to change according to the CO adsorption/oxidation, so they can be used for poisoning
reading. To conduct those measurements, the system must be stable. In this direction,
chronoamperometry was used to monitor the stability of the system at 0.2 V. In Figure 37 the resulted

graph, using PtPd3/C as anodic catalyst layer, is presented:
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Figure 37. Chronoamperometry curve at 0.2V while H2 supplied at reference electrode and
H2/100ppm CO supplied at working electrode.

After purging both the anode and the cathode electrodes with pure hydrogen for 5 mins, resulting
a stable current density around 350 mA/cm? the mixture of gases that contain 100 ppm of CO was
injected into the fuel cell. Consequently, the current density was dropping sharply indicating that
cell performance was affected. As it is shown the system reached at the desired steady state after

10 mins of a transitional period.

6.5.1. Anode polarization in the presence of CO

Taking platinum catalyst as a reference, carbon monoxide and hydrogen oxidation mechanism has
been analyzed in Section 3.2. Working principles of PEMFC and Section 3.5. Poisoning
mechanism. Hydrogen oxidation on platinum catalyst surface is happening in two major steps. First
the adsorption of the hydrogen and then the oxidation of the adsorbed hydrogen. The adsorption of
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hydrogen requires two bare platinum catalyst sites. The overall electro-oxidation of the adsorbed
hydrogen results two bare platinum sites, two positively charged Hz atoms and two electrons. On the
condition that pure hydrogen was supplied, those two steps evolve very fast succeeding high current
density [215]. However, when the hydrogen, as a reformed product, contains even a few amounts of
carbon monoxide there are significant performance losses because of the Pt poisoning. More precisely,
a contest between H. and CO takes place for adsorption of platinum electrochemical active sites. Even
so, CO is winning that contest as the Gibbs energy of CO adsorption on platinum-based catalyst is
lower than Ha leading to limited bare platinum sites. The adsorbed carbon monoxide can be removed
by oxidizing it. Generally humidified gases and mixture of gases provide water molecules at each
electrode side. Those molecules are conveniently oxidized at Pt free sites, producing hydroxyl
molecules that react with the adsorbed CO giving CO; as presented below [216]:
Pt—OH+ Pt—CO - 2Pt+CO,+H" + e~ (40)
As a result, the total polarization performance of a catalyst layer is a combination of CO adsorption
and CO removal by oxidizing it. When a Pt-M alloy catalyst is used, the reaction of CO adsorbed
oxidation differs from this on platinum surface. In general, it is found that an added M could favorize
the oxidation of CO and eventually its removal. The added M can activate the formation of oxygen-
containing species (OH) from water. This leads to the adsorption of OH on the catalyst surface that
lowers the onset potential of carbon monoxide potential. In other words, alloying Pt with some other
metals change the electronic structure of platinum and weakens the formation of Pt-CO [217].
M+H,0 >M—0OHyys +H" + e~ (41)
Pt—CO+0OH—-M->Pt+M+CO,+H" +e” (42)

The polarization curves for H2/CO gas mixture are shown in Figure 38.
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Figure 38. Polarization curves for the oxidation of 100 ppm CO in hydrogen on different catalysts.

Based on the above electrochemical processes of hydrogen and carbon monoxide
adsorption/oxidation, those curves are analyzed. At low potential and low current density values, the
electro- oxidation is mainly controlled by hydrogen oxidation on the free of adsorbed carbon
monoxide catalyst surface. However, those low current density values extracted indicate that this
surface is extremely reduced by CO poisoning. At those potential values only a few amounts of
adsorbed CO can be oxidized and liberate Pt sites for H, oxidation. This stage lasts until the potential
value reach =0.6 V, where the electro-oxidation is starting to get dominated by COags oxidation. As
explained before, in this stage the CO that was already adsorbed, is oxidized by the hydroxyl
molecules releasing more and more free catalyst surface. As a result, the current density can now be
improved by only a few overpotential increase. All polarization curves of the four catalysts are in
accordance with those steps. Pt/C with a higher mass load (0.2 mg/cm?) seems to be the most CO-
tolerant catalyst as it presents higher current density values. That might be explained by the higher
mass-load used as more Pt sites were free for oxidation reaction to take place. For that purpose, higher
mass-load is used to reduce co poisoning effect [218] . Among the rest of the catalysts with same mass
loading, PtPds shows the higher CO tolerance as it produces higher current density indicating more
free catalyst sites for hydrogen oxidation. However, PtPds also reveals a drawback for this catalyst

layer. PtPds seems to need higher potential values to oxidize and remove adsorbed CO by hydroxyl
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species. This means, higher energy level needed to convert CO into CO2 and remove it, liberating
more catalyst sites. PtPd/C at 0.02 mg/cm?and Pt/C at 0.02 mg/cm? present similar behavior at low
potentials, while at higher overpotential PtPd/C tends to copy PtPds/C behavior needing more energy
to remove CO. Those indications reveal that at same mass loading catalyst PtPds/C was the most CO-
tolerant catalyst, while high mass loading significantly improves the catalyst behavior during CO

poisoning phenomenon.

6.5.2. EIS of CO poisoning at open circuit voltage (OCV)

The conclusions of the latter paragraph are yet to be confirmed by EIS measurements. Once
the system is again stabilized EIS measurements were carried out at the same conditions that
polarization curves were executed. For that purpose, an equivalent electric circuit consisted of
several resistances, must be introduced. At this work, the equivalent circuit model (EEC) for open
circuit voltage (OCV) is consisted of two Randle’s cell, one referring to the charge transfer and

the second one referring to the H adsorption as shown below in Figure 39:

Ry Ret Rad

Figure 39. Equivalent circuit of fuel cell fed with H2/H2+CO.

Here R1 represents the ohmic resistance, Ret and Cet represents the high frequency (hf) arc, Rad
and CPEaq represents the low frequency (If) arc. To describe the If arc, constant phase element
(CPE) has been used. CPE is defined by two parameters:

Zepg = 1/T(w)" (43)
Where o is the angular frequency (ow=2xf) of the voltage and n is a constant. More specifically, if n
=0then CPE is aresistance (R), if n=1 CPE is a capacitance (C), if n=0.5 CPE is a warburg impedance
(W) and if n=-1 it is an inductance (L). CPE is mainly used to describe a non-homogenous

phenomenon. This equivalent circuit presents two superimposed arcs, that they are to be distinguished
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in the Nyquist plot, corresponding to the charge transfer resistance and adsorption resistance
respectively. The arc in the hf region is therefore ascribed to the oxidation step of hydrogen (Hadgs= H
+ €’ and the arc in the If region is ascribed to the adsorption of hydrogen (H2=Hags). The overall
impedance of the equivalent system can be calculated by summarizing the individual impedance of
the three resistances. The intercept point with the real axis of the Nyquist plot at the hf region (Re) is
attributed to the ohmic resistance of the cell (R1), while the intercept point of the Nyquist plot with the
real axis at the If region (Ry) is attributed to both charge transfer and adsorption phenomena. At the
following EIS measurements, the impedance spectra for different CO concentrations, different
temperatures and different catalyst material were all fitted to the equivalent circuit. Figure 40 show

the complex impedance results at 70°C for different CO concentration.
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Figure 40. Complex impedance of PtPds (0.04 mg/cm?) using H. with different level of CO
concentration at OCV and 70°C, operating at hydrogen pump mode.

At first glance, the higher the tested CO concentration, the larger the diameter of the arc. Table 5
shows the values of the parameters extracted using the equivalent circuit. As it is presented, the rate-
determining resistance of the three is the one referred to adsorption. As the CO concentration is
increasing from 100 ppm to 200 ppm the Raq is increased from 3.1998 (Q-cm?) to 11.831 (Q-cm?)
respectively. The resistance R1 which is mainly attributed to the membrane is seems to not be constant
although the temperature remains the same for all three tested concentrations. This may be ascribed

on membrane humidification fluctuations.
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Table 5: Resistances of EEC for fitting impedance curve at different CO concentration during
hydrogen pump mode.

100 ppm 150 ppm 200 ppm
Value 0 Value 0 Value 0
(ohm-cm?) Error (%) (ohm-cm?) Error (%) (ohm-cm?) Error (%)
R1 0.41174 0.00038147 0.69122 0.00022888 0.42174 0.016098
Rad 3.1998 7.629E-05 5.7581 7.629E-05 11.831 0.0029755

It may be concluded that higher CO concentration level leads to higher CO coverage on catalyst
making the hydrogen adsorption on a free catalyst site more difficult to happen. The CO
concentration seems to be proportional to the total impedance of the cell. New techniques have
been developed to reduce the CO concentration on hydrogen produced by reforming
hydrocarbons, but still traces of CO are present. For the next two tests, the CO concentration that
will be used is set at 100 ppm. In this way, we will examine whether the temperature affects the

impedance of the cell during CO poisoning or not.
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Figure 41. Complex impedance plot of PtPd3 (0.04 mg/cm2) using H2+100 ppm CO at different
operating temperatures, at OCV, operating at hydrogen pump mode.

More specifically, Figure 41, show the complex impedance results under 40°C,50°C,60°C and
70°C respectively while 100 ppm of CO is supplied at the cell working at hydrogen pump mode.

The anode catalyst that was used for all the temperatures was PtPd3/C (0.04 mg/cm?). CO

66



adsorption on the electrocatalyst, which is the rate determined phenomenon, is an exothermic
reaction meaning that higher operation temperature reduces the COags cOverage [219].

The temperature effect on a PEM fuel cell during CO poisoning can therefore significantly affect the
performance of the cell. Many studies have already been done to examine this behavior. R Jiang et al
have studied the performance losses of a PEM fuel cell operating at 105°C and 120°C fueled by hydrogen
that contains small amount of CO [219], while Li et al used a phosphoric acid-doped PBI membrane to
study the temperature range between 125 and 200°C [215]. All these studies concluded that high
operating temperature diminish the performance losses. In this work, a similar behavior is also observed
at lower temperatures. In Figure 41 the distance between the two intersection points RLr-Rur is getting
bigger as the operating temperature falls, meaning that the total impedance of the system is increased.

In following Table 6, the values of R1, Ret, Rad and their corresponding errors are presented.

Table 6: Resistances of EEC for fitting impedance curve at different temperature during hydrogen
ump mode.

40°C 50°C 60°C 70°C
Value | Error (%) | Value | Error (%) Value | Error (%) Value Error (%)
R: | 0.48466 | 2.4354 0.4955 | 0.01976 | 0.4168 | 0.00038 0.4117 0.00038
Ra | 28.985 | 0.09651 | 18.022 | 0.00114 | 11.772 | 0.00038 3.1998 7.6E-05

As it can be seen, both the internal resistance and the resistance that refers to the hydrogen adsorption
on catalyst sites are being reduced while the temperature is rising. The Rag is 28.985 Q-cm? and 3.1998
Q-cm? at 40°C and 70°C respectively. Followingly, four different catalysts will be used to investigate
their corresponding tolerance at CO poisoning. For that purpose, the four catalysts that were
previously used to extract the anodic polarization curves, are now used to extract their corresponding
impedance plot. Platinum, which is found to be the most efficient catalyst for HOR is lacking tolerance
upon CO poisoning. However, some platinum alloys have found to have higher CO tolerance,
including platinum-palladium alloys. Figure 42 presents the complex impedance plot for each catalyst

at OCV while 100 ppm of CO is also fed at the anode during operation at hydrogen pump mode.
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Figure 42. Complex impedance plot at OCV and 700C for different anodic catalysts, operating at
hydrogen pump mode.

As it can be seen Pt/C with 0.04 mg/cm? mass loading presents the bigger arc. However, Pt/C at high
mass loading (0.2 mg/cm?) presents the smallest arc among the four tested catalysts. This is partially
explained by Yuan et al, who suggested that higher catalyst loading leads to a higher number of
available catalyst sites [220]. Consequently, more free sites are available for hydrogen adsorption.

Pt-Pdx (x=1,3) alloys show less wide arc at medium frequencies indicating higher hydrogen
electro-oxidation activity than pure platinum catalyst. Therefore, PtPd and PtPds exhibits higher
CO tolerance at same mass loading however pure platinum catalyst layer with higher mass loading
leads to more bare sites of platinum where platinum oxidation may occur at the same CO

concentration. At the following Table 7 numerical data are also presented.

Table 7: Resistances of EEC for fitting impedance curve using different anodic catalyst during
hydrogen pump mode.

Pt/C (0.2 mg/cm?) PtPd/C (0.04 mg/cm?) | PtPds/C (0.04 mg/cm?) Pt/C (0.04 mg/cm?)

Value Error (%) Value Error (%) Value Error (%) Value Error (%)
R: | 0.49845 0.00038 0.47997 0.62126 0.41174 0.00038 0.44615 0.32173
Rag | 1.9716 0.00053 6.5652 0.11131 3.1998 7.62E-05 9.585 0.51964

As it can be seen, R1 remains almost the same (0.45 + 0.5) for all four catalysts. This may be
ascribed to the direct connection between temperature and the relative humidity. Humidity
strongly affects the ionic resistance, which dominates Ri. Rag, Which is the rate determining

phenomenon reveals the most CO tolerant catalyst. The lower the value of this resistance, the
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most tolerant on CO poisoning the catalyst is. Having said that, we can arrange the four catalysts
in series, from the most affected catalyst to the least affected one.

Pt/C (0.2 mg/cm?) < PtPd; (0.04 mg/cm?) < PtPd/C (0.04 mg/cm?) < Pt/C (0.04 mg/cm?)

6.5.3. PtPd3/C anodic catalyst poisoning

As it was found in the last two paragraphs and the corresponding experiments, PtPds/C was
found to show the highest CO tolerance among the other two tested catalysts with the same mass
loading. Pt/C at higher mass loading seems to have greater both electro-oxidation activity and CO
tolerance. However, higher mass loading catalysts requires also higher cost of catalyst production.
This is the reason why PtPds/C is selected to exhibit the following CO poisoning measurement,
as the practical use and the production of the catalyst should also be taken into account. Figure
43 compares the performance of the fuel cell providing pure H: as fuel and a mixture of H2/100
ppm CO to simulate reformatted hydrogen at 70°C. The massive effect of CO presence is clearly
shown. Significant potential losses are evident when reformatted hydrogen with CO is supplied.
The adsorption and oxidation kinetics for CO that were analyzed above, create this severe effect.
Even though, the most CO tolerant catalyst was already tested and selected, the CO poisoning

effect still provoke insufficient performance activity at 100 ppm CO.
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Figure 43. Comparison of cell polarization between supplying pure hydrogen and mixture of
hydrogen/100 ppm CO.

This result indicates that further research must be made to reduce the CO presence effect at the fuel

cell operation. The usage of Platinum alloys is proposed as one of the main ways to achieve it.
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However, in this work, the use of a more CO tolerant catalyst showed unacceptable performance,
which can also be attributed to the low mass load catalysts. It is why, mitigation methods should be
developed and used after the usage of reformatted hydrogen. Some researchers have proposed that
CO poisoning effect can significantly be reduced by operating the cell at even higher temperatures
(>100°C) or higher pressure, but that may result the durability of the membrane used. Gottesfeld and
Pafford have suggested that the CO poisoning problem of a PEM fuel cell operating at low
temperatures can partially be solved by providing 1-4% of oxygen at the anode side, this is known as
oxygen bleeding [221]. The presence of oxygen while carbon monoxide covers the catalyst site will

lead to an oxidation process that liberate some catalyst sites.

70



CHAPTER VII

7. CONCLUDING REMARKS

In this work, four different catalysts were used at the anode of a PEM fuel cell to examine their
CO tolerance. Pt, which is the most used noble-metal catalyst for ORR, was used at cathode for
all the measurements. At first, the cell performance had to be optimized. For this reason, a two-
step activation process had to be employed, to increase the MEA hydration level and reach the
peak performance of the cell. The chosen activation process increased the Power Density of the
cell by 90%, reaching 0.266 W/cm? at 0.55 V. In addition, the optimal working temperature had
to be determined. The temperature of a cell directly affects the hydration level of the MEA and
eventually the performance of the cell. The cell operated at 40,50,60,70 and 80°C respectively.
Tafel analysis showed that the rise of the temperature had a positive effect on the activation
voltage losses as the Tafel slope (b) found to be decreased, while the exchange current density (io)
was increased. However, it was found that the ohmic losses of the cell could no longer be
improved above 70°C. Therefore, 70°C was found to be the optimal working temperature of our
system. Subsequently, three different anodic catalysts (Pt/C at 0.2 mg/cm?, PtPd/C and PtPds/C
at 0.04 mg/cm?) were used to examine the total cell performance while pure hydrogen and oxygen
were supplied at the anode and the cathode respectively. Pt/C at 0.2 mg/cm? showed the highest
performance among the three catalysts hitting 0.4241 W/cm?at 0.6 V.

For the examination of CO poisoning effect at the anodic catalyst, the corresponding
measurements were done while the PEM fuel cell was operating at hydrogen pump mode. During
the hydrogen pump mode, the masking effect of the cathode reaction was avoided. Therefore, the
impact of the CO poisoning effect at the HOR can easily be distinguished. To carry out the

following experiments, the system must firstly be stabilized. Pt/C at 0.04 mg/cm? and the three
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catalysts that mentioned above were used to investigate the carbon monoxide effect at the anode.
Anode polarization shows that platinum at high mass loading concentration and PtPds/C at low
mass loading concentration presented higher current density values at low potential (below 0.6V)
than the PtPd/C and Pt/C at low mass loading concentration. This indicates that the two former
catalysts had more free catalyst sites for hydrogen adsorption and oxidation. This is the reason
that they considered to be more tolerant at the carbon monoxide poisoning effect. Moreover, the
CO effect was also investigated by using electrochemical impedance spectroscopy measurements
at OCV. To analyze the EIS measurements results, an equivalent circuit model was introduced.
This circuit includes the two main steps of hydrogen adsorption and oxidation. At a specific
temperature, higher impedance was presented at high CO concentration level due to the increased
number of COaqgs catalyst sites, while for a specific CO concentration higher temperature presented
smaller arc at complex plot. The CO adsorption is an exothermic step reaction and therefore it is
directly affected by the temperature, resulting lower impedance for hydrogen adsorption. Lastly,
the four catalysts were used at a certain temperature and CO concentration level. The results are
in accordance with the anode polarization conclusion. The impedance curves of PtPdsz and Pt at
high mass loading observed to be the smallest, while the other two catalysts presented higher

impedance.
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